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Contract: DAAG55-98-1-0285, ( 06-01-98 to 11-30-02) 

FINAL REPORT 

PART I: Effect of Nitric Oxide and Otlier Diluents on Cold Starting, Combustion Instability, 
and White Smoke Emissions in Diesel Engines. 

PART II: Autoignition, Combustion Instability and White Smoke Under Transient 
Conditions with JP-8. 

(1) Foreword 

This report gives the resuhs of an investigation aimed at developing more insight and a better 
understanding of the basic physical and chemical processes that affect the cold start of diesel 
engines. This would lead to the development electronic control strategies for the different engine 
operating parameters to improve the cold starting of militaiy and dual use diesel engines and the 
hybrid electric vehicles. (Appendix A) 

The cold start process consists of two modes of engine operation. The first is the cranking mode 
when the engine is motored while the fuel is injected into the cylinder. The second is engine 
acceleration after the start of combustion. Most of the previous studies concentrated on the length 
of time the engine takes to reach the steady idle speed. Some studies investigated the cranking 
period. Very few studies deah with the acceleration mode. Work conducted at the Center for 
Automotive Research at Wayne State University indicated that after the engine fires, it might 
misfire once, twice or more, before it fires again and reaches a steady idling speed. This type of 
operation is referred to as combustion instability. Combustion instability causes engine hesitation, 
rough operation and long warm up periods before the engines reaches a steady idling speed. In the 
worst case, the engine may completely fail to start. Part of the fiiel accumulated during the 
misfiring cycles evaporates during combustion in the next cycles and appears as white smoke in the 
exhaust. 

The approach taken in this investigation is a combination of theoretical and experimental 
investigations. Mathematical models are developed for the cranking period and the transient engine 
dynamics during acceleration to the idle speed. The models are validated by comparing the 
predicted results with the experimental data. 

The report consists of two integrated parts. Part I investigates the effect of the concentration of 
nitric oxide on the autoignition process of hydrocarbon fiiels in general. Nitric oxide is the result of 
combustion in the previous cycle. The concentration of the nitric oxide in the charge was varied by 
conti-olling the percentage of the recirculated gases. Part II investigates the specific behavior of 
JP8 used in military vehicles under low temperature conditions. A comparison is made between the 
commercially used DF2 fiiel and JP8 fiiel during the starting process. 

The experiments were conducted on two engines: (a) an air cooled, direct injection, single-cylinder 
research engine, and (b) a heavy-duty, multi-cylinder, water cooled, direct injection diesel engine. 
The tests covered a wide range of ambient temperatures in the cold room facility at Wayne State 
University. 



Statement of problem studied 

Cold start problems 
The cold start problems in military and domestic diesel engines include hesitation, emission of large 
amounts of unbumed fuel in the form of white smoke, and complete failure of the engine to start. In 
military applications, such problems affect the mobility and survivability in the field, in addition to 
penahies in fuel consumptions. Reduction of fuel consumption is a major goal in order to reduce 
the cost and mass of fiiel transported in the field. To solve the cold start problems there is a need for 
a better understanding of the physical and chemical processes that affect the combustion process at 
low ambient temperatures. This is achieved in this investigation by developing mathematical 
models, validated with experimental data on engines under actual low temperature conditions. 

Two factors contribute to the cold start problems: 
A. Failure of the auto ignition process. 
B. Combustion instability. 

A. Failure of the autoignition process: 

The failure of the autoignition process causes an increase in the cranking period before the engine 
fires and is the result of the slow oxidation processes and the long ignition delay (ID) at the low 
temperatures. Many experimental investigations on the (ID) of hydrocarbon fuels were conducted 
in constant volume vessels, where the temperature, pressure and volume remain almost constant 
during the ID. This is not the case in engines because of the piston motion during the ID period. 

To account for the effect of piston motion on the global autoignition reactions rate, a new 
formulation is developed for the ignition delay (ID) in diesel engines. A differentiation is made 
between the ID measured in engines and that measured in constant volume vessels. In addition, a 
method is presented to determine the coefficients of the IDe correlation from actual engine 
experimental data. The new formulation for IDe is applied to predict the misfiring cycles during the 
cold starting of diesel engines. The predictions are compared with experimental results obtained on 
a multi-cylinder heavy-duty diesel engine.. The details of this investigation are given in reference 
(2) and Appendix B. 

A new mathematical model was developed, based on the fundamentals of heat and mass transfer 
between the fuel spray and air The model takes into consideration, for the first time, the effect of 
the engine dynamics, thermodynamics and combustion kinetics into consideration. The model is 
able to predict the number of engine rotation the engine takes before it fires for the first time. This 
led to the development of the "AUTO IGNITION INDEX" (AI), for each of the cranking cycles. 

E 
AI= \ k,[F]cxp(-^)dt 

RT 

AI combines the effects of the global activation energy E that depends on the chemical structure of 
the fuel and its vapor concentration [F] that depends on its volatility, .ko is a constant, R is the 
universal gas constant and t is time. The AI covers the period from the start of injection to the end 
of ID. AI increases with the number of cranking cycles because of the increase in [F] and 
temperature T. The engine fires when the AI reaches a specified value. The details of this study are 
given in reference (2) and Appendix B. 



Prediction of the Cranking Period 

The cranking period is predicted by calculating AI for the consecutive cycles after the engine is 
cranked by the electric motor.   Autoignition occurs when AI reaches a critical value, determined 
from the cold start test at normal room temperature. AI is calculated for pure paratTm compounds 
having 7 to 19 carbon atoms considering their physical properties.    The results, shown in Figure 
(1) indicate that the engine would start in the first cycle for paraffins having seven to nine carbon 
atoms.   However, the cranking period would be longer in proportion  to the number of carbon 
atoms for the larger molecules. It should be noted that longer chain paraffins have a higher Cetane 
Number, but lower volatility. 
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Comparison between the cranking periods for JP8 and DF2 
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Fig. 2. Comparison between the pressure traces and instantaneous engine speed during 
the cold start of a single cylinder diesel engine on DF2andJP8. 

Figure 2. shows the engine to start on JP8 after cranking for a shorter period of time than that with 
DF2. This is in spite the fact that CN for JP8 is 37 while CN for DF2 is 45. 

Gas Chromatic Analysis of DF2 and JP8 
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Figure 3. Gas Chromatic Analysis of DF2 Fuel 
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Figure 4.. Gas Chromatic Analysis of JP8 Fuel. 

Figures 3 and 4 show the composition of DF2 and JP8 respectively. It is clear that JP8 has higher 
concentrations of the lighter paraffins than DF2.   This explains why the cranking period with JP8 
was shorter than that with DF2, as predicted by the model. 

Cause of cold-start problems with JP 8 

The first part of this investigation indicated that the cranking period with JP8 is shorter than that 
with DF2. Then why commercial diesel engines experience more difficulty in starting with JP8 
than with DF2? This leads to the second part of this investigation that deals with combustion 
instability. 

B. Combustion Instability 

Early investigations at Wane State University indicated that combustion instability during cold start 
is repeatable, rather than random, is not specific to any engine or fuel, and increases with the drop in 
ambient temperature.(3) The parameters that affect combustion instability include the ambient 
temperature, cranking speed, injection timing and injection mode such as pilot and main injection. 
The effect of these parameters on combustion instability is investigated, both theoretically and 
experimentally, in this project. 

Cold start experiments were conducted, using DF2 and JP8, on two engines at ambient temperatures 
ranging from normal room temperature on to -10°. The first engine is a single-cylinder, direct- 
injection, air-cooled four-stroke-cycle engine. The second was a heavy-duty, water-cooled, 4- 
cylinder, turbo-charged, inter-cooled, 4-stroke-cycle diesel engine. Cylinder gas pressures, exhaust 
gas temperature, needle lift, were measured in each cylinder. The instantaneous engine speed was 
recorded during motoring and acceleration over about 100 cycles, (200 revolutions). 

Detailed cycle analysis indicated that misfiring occurs after a firing cycle. One of the reasons for 
this behavior was thought to be the presence of NO in the residual gases fi-om the previous firing 
cycle. To clarify this point, experiments were conducted on a single cylinder diesel engine where 
the mole fraction of NO in the fresh charge was changed by controlling the EGR ratio. Detailed 
analysis of the data indicated that NO has no effect on the global activation energy of the 
autoignition reactions or on the global rate of the reactions. The only effect EGR has on the ignition 
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delay is to reduce the rates of the autoignition reactions because of the drop in oxygen concentration 
and the increase in its thermal capacity of the charge. The details of this work is given in reference 

(7) and Appendix C. 

Cycle-to-cycle analysis of the data indicated that the number of misfiring cycles increases at lower 
ambient temperature. This investigation indicated that misfiring is caused by a mismatch between 
the injection parameters and the instantaneous engine speed.   This became clear from the maps 
developed from the theoretical investigation for the injection timing and engine speed. The 
misfiring zone shown in the maps agreed fairly well with the experimental results. 

Based on the above analysis, a new sfrategy for cold starting was developed to reduce combustion 
instability and white smoke emissions. 

The details of this work are published in references (2 and 6) and given in Appendix D and 
Appendix E. 

Summary of the most important results 

1. Nitric oxide concentration in the charge at high EGR ratios has no effect on the global 
activation energy and the order of the autoignition reactions. EGR reduces the rates of the 
autoignition reactions, as indicated by the increase in the ignition delay, because of drop in 
oxygen concenfration and the increase in its thermal capacity. 

2. A first generation simulation model for the cold-start cranking-period is developed in this 
investigation. The model predictions agreed with the experimental on the following 
conclusions: (a) CN alone is not a good indicator of the number of cranking cycles and (b) 
Fuel volatility is as important as CN in controlling the cranking period at the low ambient 
temperatures. 

3. A new auto-ignition index (AI) is developed to predict the cranking period. AI combines 
the effects of the physical and chemical properties of the fuel, and the concenfration of the 
oxygen in the charge. This is the first time, a model is developed to show the dependence 
of the cranking period on both the cetane number and fuel volatility.. 

4. The model predictions indicated that the volatile paraffin components of the DF2 and JP8 
are the initiators of the autoignition process at the end of cranking period. The model 
predictions agreed with the experimental results that showed shorter cranking periods with 
JP8 than with DF2 at the low ambient temperatures. 

5. The reason for the difficulty in the cold starting of commercial diesel engines on JP8 is 
found to be a mismatch between the injection timing and the instantaneous engine speed. 
Maps developed in this investigation give the firing zones needed for the control of 
injection timing at different instantaneous engine speeds during the fransient acceleration 
mode of the cold start process. 
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APPENDIX A 
2000-01-3086 

Exploration of the Contribution of the Start/Stop 
Transients in HEV 

Operation and Emissions 

Naeim A. Henein, Dinu Taraza, Nabil Chalhoub and Ming-Chia Lai 
Wayne State University 

Walter   Bryzik 
U S Army TARDEC 

Abstract 

The effects of the start/stop (S/S) 
transients on the Hybrid Electric Vehicle 
(HEV) operation and emissions are 
explored in this study. The frequency 
with which the engine starts and stops 
during an urban driving cycle is 
estimated by using the NREL's 
Advanced Vehicle Simulator software 
(ADVISOR). Furthermore, several tests 
were conducted on single-cylinder and 
multi-cylinder direct injection diesel 
engines in order to measure the cycle- 
resolved mole fractions of the 
hydrocarbons and nitric oxide exhaust 
emissions under frequent start/stop mode 
of operation. The frictional losses in 
engine in its entirety as well as in its 
components are also determined. In 
addition, the dynamic behavior of 
different high pressure fiiel injection 
systems are investigated under the start 
and stop mode of operation. 

Background 

The drive for better fiiel economy and 
low emissions in automotive vehicles 
brought the HEV concept in the 
forefront of research. The auxiliary 
Power Unit (APU) can be a combustion 
engine or a ftiel cell. Combustion 
engines, considered to power fixture 
HEVs, include the direct injection diesel 
engine, the direct injection gasoline 

engine, and the gas turbine. The engine 
might be required to start and stop many 
times depending on the driving cycle, 
the configuration of the powertrain and 
the control strategy. 

The energy expenditure during starting 
consists of two parts. The first part 
provides the kinetic energy of the 
engine's moving parts. The second part 
aims at overcoming losses that are 
associated with the engine operation 
during the transient period of the start. 
The losses include the inefficiencies of 
combustion and the mechanical friction 
in the moving parts. Combustion 
inefficiencies depend on the design of 
the injection system and its performance 
under the transient S/S conditions. 

Engine-out emissions during the start 
transient depend primarily on the engine 
temperature, as well as the fiiel injection 
strategy. During the first start after a 
long shutdown period, the engine 
temperature will be the same as the 
ambient temperature. However, the 
engine temperature during subsequent 
starts will depend on the shutdown 
period. 

The goal of this paper is to explore the 
effects of (S/S) transients on the fiiel 
economy and emissions under urban 
driving conditions. 
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has been increased by fifty percent. It 
should be pointed out that in spite of the 
fact that ADVISOR may not be able to 
accurately predict the dynamic response 
of an HEV vehicle, its results do capture 
the general trend of vehicle response. 

— Nominal Vehicle Mass 
5 Swttchtng Points) 

• 50% IncTMse tn Vehtcle Mass 
(67 SwHcWng Points)  

Nurrfaer of times the angine is turned on 

Fig. 3 Duration for each time the engine 
is turned on based on the FUDS drive 
cycle and a parallel HEV configuration 

Engine-Out Emissions During a 
Start Transient 

Experiments were conducted on a 
single-cylinder direct-injection, four- 
stroke-cycle, air-cooled diesel engine to 
determine the emissions under the cold 
and hot starts. The instrumentation 
includes a piezoelectric pressure 
transducer for the cylinder pressure, a 
needle lift sensor, a fiiel line pressure 
sensor, a fast response NOx analyzer for 
both the intake and exhaust gases, a fast 
response FID analyzer for the exhaust 
gases, pressure transducers for both 
intake and exhaust manifolds, fast 
response thermocouples for measuring 
the exhaust temperature, a Bosch air 
flow meter for measuring the intake air 
flow  rate,   and  a  crankcase  pressure 

sensor. The engine starts by its own 
electric starter with a fiilly charged 
battery. The cycle resolved mole 
fractions of the unbumed hydrocarbons 
and nitric oxide were measured and 
recorded for the first 200 revolutions. 
All the experiments were conducted at 
29°C. The AMOCO premium diesel 
fiiel was used in all experiments. 

Figure 4 shows the experimental data for 
the first 100 cycles that were obtained by 
starting the engine after it has been shut 
down for 20 minutes. The unbumed 
hydrocarbons reached 1500 ppm, while 
the NO reached more than 5000 ppm. 

Figure 5 shows the experimental data for 
the first twenty cycles of a cold start 
after soaking the engine at the ambient 
room temperature overnight. The 
hydrocarbons reached 2250 ppm, and 
NO reached 900 ppm, respectively. 

The emission index in gm/ kg of fiiel is 
given in Fig. 6 for different shutdown 
periods and for the first cold start. As 
expected, the first cold start produced 
negligible NO, but high HC. The 
emissions indexes for HC and NO vary 
with the length of the shutdown period. 
NO is strongly dependent on the charge 
temperature. The longer the shutdown 
period, the cooler the engine will be, and 
the lower is the NO formation. This is 
evident from the exhaust gas 
temperature, which dropped with the 
length of the shutdown period, as 
illustrated in Fig. 7. 

It is clear that the reduction of engine- 
out emissions of HC and NO during the 
cold and hot start transients is critical for 
HEV to meet the future stringent 
standards. This is because the 
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after-treatment devices are not effective 
at the low exhaust gas temperatures 
existing during the cold and hot starts 
after a long shutdown period. 

Minimum Warmup Periods 

Engine cold start and operation at low 
temperatures allow some fuel to reach 
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the crank case, dilute the lubricating oil 
and reduce its viscosity. This results in 
poor lubrication and an increase in 
engine wear. The wear can be 
avoided, if the engine is warmed up to 
such a temperature where the fiiel mixed 
with the oil is evaporated before the 
engine is shut down. 

Limited Shut Down Periods 

Long shut down periods allow the after 
treatment devices, such as a catalytic 
converter, to cool down. If the catalyst 
temperature drops below a certain level, 
electric energy might be needed to warm 
it up for a quick light off. Accordingly, 
the engine control strategy should take 
into consideration the length of the shut 
down to minimize the electric energy 
consumed to heat the catalyst. 

Fuel Economy Under Frequent 
S/S Operating Conditions: 

S/S transients adversely affect the fiiel 
economy because they increase the 
frictional losses. The engine friction is 
highly dependent on the oil viscosity and 
the relative speed between the rubbing 
parts. The oil viscosity, in its turn, is a 
function of the thermal state of the 
engine. The latter, under HEV operation, 
is influenced by the time interval 
between the engine shut dovra and its 
subsequent engine start, as well as the 
speed of the vehicle. Thus long 
shutdown periods while the vehicle is 
moving at highway speeds will cause the 
oil temperature during the subsequent 
start to be considerably low. 

Engine starts consume more power from 
the battery pack if the engine is cold and 
the oiLviscosity is high. On the other 
hand, the kinetic energy of the running 
engine cannot be totally recovered when 
the engine stops. Before stopping, it is 
necessary to run the engine at a low load 
for a while in order to reduce the 
temperature of the hot spots on the 
cylinder wall and cylinder head. If the 
engine is suddenly stopped while 
operating at high load, the coolant may 
boil at the hot spots causing overheating 
of the piston top, piston rings and valves 
and damaging the oil present at these 
spots. This situation is especially critical 
for the top ring, where oil decomposition 
may increase carbon deposits in the rig 
grove blocking the motion of the ring 
and compromising cylinder sealing. 
Thus, every S/S sequence will cause 
energy losses and contribute to the 
increase in fiiel consumption. In the 
control strategy it is important to 
consider also optimization of the 
frequency of the S/S events. 

Because friction losses at engine start are 
important for the overall fixel economy, 
the contribution of each friction 
component during the starting event will 
be considered. 

Piston ring assembly friction. 

Piston ring assembly (PRA) friction is a 
transient process even under steady state 
operating conditions. The transient 
character is determined by the large 
variation of the piston speed during a 
piston stroke. Under normal operating 
conditions, for most of the piston stroke, 
the lubrication regime is hydrodynamic 
and the friction coefficient is strongly 
correlated to the duty parameter 
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s = MV, p 

F/L 

yU represents the dynamic viscosity of 
the oil, Vp the piston speed and F/L the 
load per unit length. In the vicinity of the 
dead centers, the piston speed 
approaches zero and the lubrication 
regime switches to mixed and even 
boundary at the firing top dead center 
(TDC). During engine start, the piston 
speed is low and the fraction of the 
stroke in which mixed lubrication occurs 
is larger. In the mixed lubrication 
regime, metallic contact occurs and 
friction and wear are higher. The 
average PRA frictional force, 
immediately after engine start, is 
presented in Fig. 8 showing an increase 
of about 10% during the first ten cycles. 

If the engine would be motored at a 
higher speed before starting, the PRA 
frictional force may be reduced. 
However, more energy would be 
expended in motoring causing an overall 
loss in vehicle economy during starting. 

Bearing friction 

Under normal operating conditions, the 
lubrication regime of the engine bearings 
is hydrodynamic. The bearings are 
subjected to a highly variable load, but 
the rather high relative velocity between 
the crankshaft's pins and the bearing 
bushings maintains a sufficient value of 
the duty parameter to assure 
hydrodynamic lubrication. At the same 
time, a higher engine speed increases the 
reciprocating inertia force, which acts 
against the gas-pressure force at the 
firing TDC, reducing the maximum load 
on the bearings. The polar diagram of 

110 

100 

90 

80 

70 

60 

50 

40 

30 

20 

10 

0 

r 

n r 1 r 

T" 

_l _ 

- 

_ 

- 

- 

' 

r 

- 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 

Cycle Number 

Fig. 8 Average PRA frictional force for 
the first 20 cycles after engine start 

the connecting rod bearing presented in 
Fig. 9 shows the bearing load under 
normal operating conditions of a diesel 
engine at 2000 rpm. 

when the engine is started, usually more 
fiael is injected, meanwhile the ignition 
delay is long, the high peak pressures 
reached, and the resulting force produce 
a shock that might disrupt the oil film 
and produce metal to metal contact. This 
situation will contribute to the bearing 
wear. The difference between the 
maximum force acting in the connecting 
rod bearing at engine start Fig. 10 and 
under normal operating conditions could 
be seen by comparing the two polar 
diagrams in Fig. 9 and Fig. 10. 

Increasing the motoring speed before 
starting a warm engine could 
significantly reduce the bearing load, 
providing, at the same time, the injection 
of a controlled amount of fiiel at the 
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appropriate timing.  For a cold engine, a 
very high motoring speed could hinder 

Force [N] 

Fig. 9 Polar diagram of the connecting 
rod bearing;2000 rpm, IMEP = 0.85 
MPa. 

starting. This situation points again at 
the importance of optimizing the starting 
speed of the engine for HEV operation. 

Valve train friction. 

The friction between the cam and 
follower represents the most significant 
friction loss in the valve train. Due to the 
small contact area and large contact 
pressure, the lubrication regime is 
elastohydrodynamic (EHD). With 
increasing engine speed, the EHD oil 
film thickness increases and the friction 
force decreases. This situation is 
presented in fig. 11, where the torque 
required to drive the camshaft is 
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Fig. 10 Polar diagramof the connecting 
rod bearing;900rpm, fifth cycle after 
engine start. 

given at different engine speeds. A 
strain gauge bridge applied on the 
camshaft of a single cylinder diesel 
engine measured the torque. 

Under the starting conditions at low 
speed the friction losses in the valve 
train are larger than under the normal 
operating conditions. Increasing the 
motoring speed before starting will 
produce the same energy loss, this time 
supplied by the battery pack. 

Total engine friction 

The contribution of the three 
major friction components in a diesel 
engine: PRA, bearings and valve train 
will add together to yield the energy 
necessary to overcome friction at the 
engine start. In addition, the energy 
required to drive the engine auxiliaries 
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Fig. 11 Effect of engine speed on the 
camshaft driving torque. 

must be added to obtain the total 
mechanical losses for the start event. 
The energy required to start the engine 
will be provided by the battery pack and 
the losses in the starting motor, 
generator and battery should be 
accounted for. 

The instantaneous Frictional 
Torque (IFT) is determined according to 
the p-o) method (Rezeka et al.l984). 
IFT is averaged over the hole cycle for a 
single cylinder diesel engine as shown in 
Fig. 12. The frictional losses in the first 
10 cycles after engine start are about 
16% larger than the losses in the 
following cycles. 
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Fig. 12  Average friction torque for the 
first 20 cycles after engine start. 

Performance of Different Diesel 
Infection Systems Under the S/S 
HEV Transients 

The development of the diesel engine as 
an Auxihary Power Unit (APU) for the 
HEV will most likely follow the current 
state-of-the-art passenger car high-speed 
diesel engine technology. The concern 
for spray-wall interactions and their 
effects on combustion phasing and 
engine-out emissions is the same but 
needs to be optimized under the HEV 
S/S operation. Currently, there are three 
types of advanced high-pressure 
electronically controlled fiiel injection 
systems continuously being developed. 

1. Common Rail (CR) system, consists 
of a low pressure electrical fixel delivery 
pump submerged in the fixel tank, a high 
pressure fiiel supply pump driven by a 
DC electric motor, a common rail, 
pressure regulator mounted on the fiiel 
supply pump,  an electronic-controlled 
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injector, and the ECU (Electronic 
Control unit). This system is used in Fiat 
1.9-liter JTD. 

2. Electrical Unit Injector (EUI) system 
consists of a low-pressure fuel supply 
pump, an overhead-cam-driven 
integrated solenoid injector. This system 
is used in VW 1.2-liter TDI (Pumpe- 
Duse-Einspritzung) 

3. Hydraulic Electronic Unit Injector 
(HEUI) system, consists of a high- 
pressure lubricant oil pump, a common- 
rail type oil accumulator equipped with 
PWM (Pulse Width Modulation) 
pressure regulator, a low-pressure fuel 

supply pump, an intensifier, and a nozzle 
holder. 

Table 1 and table 2 show the main 
system operating and design parameters 
that affect the injection characteristics. 

In the following section, the effects of 
injection system and their operation on 
HEV fuel consumption, performance 
and emissions are discussed in terms of 
injection system start-and-stop transient, 
parasitic power consumption, injection 
rate, and spray performance at end-of- 
injection, since it directly affects the 
engine out emission. 

Injection 
Characteristics 

HEUI EUI CR 

Response time 

Response of solenoid 
valve, nozzle opening 
pressure, and length of 
rate-shapina oioe 

Cam profile ,response of 
solenoid valve, and nozzle 
opening pressure 

Response of solenoid 
valve, inlet and outlet 
throttles, and nozzle 
ooeninq pressure 

Peak Pressure 
Intensifier ratio and length 
of rate-shaping pipe 

Cam profile and plunger 
diameter 

Pressure limit of high- 
pressure fuel line 

Rate Nozzle hole flow area Nozzle hole flow area Nozzle hole flow area 

Rate shape 
Nozzle seat flow area and 
length of rate-shaping pip« 

Cam profile and nozzle 
seat flow area 

Inlet and outlet throttles, 
and nozzle seat flow area 

Table 1. Main system operating 
parametrs that affect the injection 
Chract eristics 

Injection 
r.harartprjgitirg 

Response time 

Peak Pressure 

Rate 

HEUI 

Rail pressure 

Rail pressure and 
injpr.tinnrii]ratlnn 

Rail pressure 

EUI 

Engine speed 

Engine speed and 
injprtinn Hi iratinn 

Engine speed 

CR 

Rail pressure 
(hilt Ingignlflnant) 
Rail pressure and 
Injpntlnnrliiratifin 

Rail pressure 

Rate shape Rail pressure Engine speed Rail pressure 

Table 2. Main system design and 
operating parameters that affect 
injection characteristics. 
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Injection System Startup 
Behavior 

From Table 1, the dependency of 
injection pressure of the EUI system on 
engine speed, cam profile, and injection 
duration is obvious (Wang et al, 1999). 
As shown in Fig 13, a typical BUT with 
lOOO-rpm engine speed, the pressure 
rising rate was 50 MPa per millisecond; 
with 25 crank angle injection duration, 
the peak injection pressure could reach 
160 MPa. The injection pressure 
decreased as the speed of the camshaft 
decreased, as shown in Fig 14. The 
injector response time increased from 
1.6 ms to 2.1 ms corresponding to the 
decrease in the camshaft speed from 600 
rpm to 300 rpm. Therefore, for an EUI- 
equipped diesel APU, the speed and 
timing at which the injection starts is an 
important consideration. A low injection 
pressure usually results in poor spray 
and emission performance at the HEV 
starting transient. The parasitic power 
consumption EUI system is probably the 
best among the systems considered, 
since the fixel injection system is turned 
off as soon as the engine is turned off 
EUI usually has the highest peak 
injection pressure and the best end-of- 
injection spray characteristics (Lai et al., 
1998; Wang et al, 1999); the latter is 
because of the shorter and bulkier needle 
and larger needle cone angle. However, 
packaging into a small-bore cylinder 
head is an important consideration 
because of its size. 

injections to build up the pressure in 
both the intensifier and high-pressure 
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Fig. 13 Injection pressure of EUI system, 
with various injection duration and 
lOOO-rpm engine speed (500-rpm 
camshaft speed). 
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Figure 15 and 16 show a typical HEUI 
transient injection pressure and injection 
rate at system startup. With common-rail 
oil pressure maintained steadily at 380 
bar, the injection system took 3 to 4 

Fig. 14 Injection pressure of EUI 
system, with various camshaft speeds 
and 15-degree injection duration 
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line before a nominal injection was 
issued. The injection pressure, injection 
rate, and injection quantity became 
stable and repeatable after the 3 
injection was issued. The test results 
were summarized in Table 3. For the 1^ 
injection, its pressure reached 56 percent 
of the nominal (140 MPa) and its 
quantity reached 71 percent of the 
nominal (lOlmg). The peak injection 
pressure is a function of the coupling 
between the two hydraulic systems; i.e., 
the low-pressure oil common rail and the 
high-pressure diesel fuel line upstream 
of the nozzle. Therefore, either the 
leakage tolerance of the entire injection 
system must be kept under tight control 
or the shut down duration cannot be too 
long, in order to insure the injection 
amount and spray quality of the first few 
injections during the HEV start transient. 
Integrating the hydraulic amplifier and 
solenoid unit with the injector reduces 
the high-pressure volume and system 
response. The     parasitic    power 
consumption HEUI system is most likely 
higher than that of EUI system, but 
comparable with or slightly higher than 
that of the CR system because of leakage 
concern. The oil pump may needs to be 
turned on intermittently in order to 
maintain a minimum pressure for 
unexpected HEV start transient. 

The high-pressure common-rail (CR) 
injection system, with its independent 
pressure control and electronic injection- 
rate shaping capabilities, is an important 
enabling technology and is the first to be 
put into mass production for HSDI 
engine. The combined effect of nozzle 
geometry (e.g. mini-sac, VCO nozzles), 
needle and seat (single-guided/dual- 
guided, grove etc) design and multiple 
injection events on the spray dynamics 
of CR systems is quite complicated (Han 

et   al.;   2000)   and   requires   detailed 
optimization with HEV operation. The 
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Fig. 15   Injection pressure transient at 
system start-up 
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Fig. 16 Injection-rate transient at system 
start-up 

Injection since 
engine start-up 

Injector Response 
Time{iiis) 

Peak Injection 
Pressure(MPa) 

Injection 
Quantity(nig) 

1st 1.5 80 72 

2nd 1.44 127 90 

3rd 1.38 143 99 

4th 1.4 145 101 

5th 1.38 140 101 

Table 3. H EUI startup che iracteristics. 
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concern for leakage of the common rail 
pressure is similar to that of HEUI. As a 
result, the parasitic power consumption 
of CR system is" comparable with or 
slightly lower than that of the HEUI 
system because of the more efficient 
single-fluid high-pressure pump 
operation at the low flow rates. 

Conclusion 

1. Diesel engines used to power parallel 
HEV's have frequent hot starts after 
being shutdown. 
2. While reducing fuel consumption by 
not operating the engine, some energy 
will be lost for both stopping and 
starting the engine. 
3. The energy spent to start the engine 
increases with the drop in engine 
temperature, which can be significant for 
long shutdown periods. 
4. Starting the engine at a higher 
motoring speed could be beneficial for 
engine wear. However, it will require 
more energy to be supplied by the 
starting motor, including the efficiencies 
of the motor, generator and battery pack. 
5. Hot start transients produce NOx in 
addition to hydrocarbon emissions. 
Longer shutdown periods produce less 
NOx, but more HC emissions. 
6. The control of engine-out emissions is 
critical during the cold and hot start 
transients, since the after treatment 
devices are not effective at low exhaust 
temperatures. 
7. The strategy of stopping and starting 
the engine in HEV operation should be 
optimized, based on the engine thermal 
conditions before shut down, length of 
the shut down period and its effect on 
the teinperature of the after treatment 
devices, battery charge status, overall 
fuel economy, and emissions. 

8. High-pressure fuel injection systems 
behave in different ways under the S/S 
transients of the HEV. Some systems 
take a few cycles after starting to operate 
properly. 
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APPENDIX B 2003-01-0080 

Simulation of Diesel Engines Cold-Start 

ABSTRACT 
Diesel engine cold-start problems 

include long cranking periods, hesitation and 
white smoke emissions. A better understanding 
of these problems is essential to improve diesel 
engine cold-start. In this study computer 
simulation model is developed for the steady 
state and transient cold starting processes in a 
single-cylinder naturally aspirated direct 
injection diesel engine. The model is verified 
experimentally and utilized to determine the key 
parameters that affect the cranking period and 
combustion instability after the engine starts. 
The behavior of the fiiel spray before and after it 
impinges on the combustion chamber walls was 
analyzed in each cycle during the cold-start 
operation. The analysis indicated that the 
accumulated fiiel in combustion chamber has a 
major impact on engine cold starting through 
increasing engine compression pressure and 
temperature and increasing fixel vapor 
concentration in the combustion chamber during 
the ignition delay period. An "Autoignition 
Index" (AI) is introduced to determine the diesel 
engine first firing cycle. Also, diesel engine 
combustion instability is analyzed in details. 
The model indicated that misfiring after firing is 
caused by an imbalance between engine 
dynamic and combustion kinetics. The model 
predictions of the instantaneous engine speed 
variation during cold-start showed the same tend 
as the experimental results. 

INTRODUCTION 
The initiation of diesel fiiel combustion 

is dependent on the compression temperature, 
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compression pressure, fiiel properties and fiiel 
injection characteristic. During cranking, air 
temperature in cylinder is lower than those of 
during any other modes of engine operation. 
The low compression temperatures and 
pressures are caused partly by the low ambient 
temperature, and more importantly by the 
excessive heat losses and blow-by losses at low 
cranking speeds. Consequently, low 
compression temperatures and pressures result 
in poor startability of diesel engines. Diesel 
engine cold starting can be affected by any of 
the foUowings: 

• fiiel properties; 
• intake air temperature and pressure; 
• compression ratio; 
• leakage or blow-by; 
• cranking speed; 
• fiiel injection; 
• combustion chamber design. 

The residual gas affects diesel engine 
ignition delay. Liu and Karim [1] investigated 
the role of residual gas in a motored engine 
fiieled with gaseous fiiel. They found that 
residual gases have both positive and negative 
effect on ignition depending on the 
completeness of reactions which produce the 
residual gases. Residual gas which is the 
product of partial oxidation reaction has mainly 
kinetic effects which promotes ignition; on the 
other hand the product of more complete 
combustion has significant thermal, kinetic and 
diluting effects. All these effects are strong 
fiinction   of  the   equivalence   ratio   of  the 
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such as piston, head and cylinder hner were 
warmed up sufficiently to influence combustion. 

Austen and Lyn [6] found that an 
optimum timing for normal operation is 
generally too early for optimum cold starting, 
which lies between 10 and 20 BTDC by static 
timing. At extremely low engine speeds such as 
during cranking, the compression temperature is 
lower than that at higher engine speeds. 
Therefore the ignition delay time is longer at 
starting, but the required crank angle degrees for 
ignition delay become much less. Therefore 
retarded injection timing (compared to optimum 
injection timing for performance) results in 
good startability. With advanced injection 
timing, the fuel is injected into relatively lower 
density and lower temperature air. This causes 
longer ignition delay and thus strong 
penetration. Therefore more fuel impinges on 
the wall. With the progress of diesel fuel 
injection technology, some injection strategies 
were developed to improve diesel engine cold 
startability and exhaust emissions. Osuka et al. 
[8] investigated effect of split injection or pilot 
injection on diesel engine cold startability. Their 
results showed that with pilot injection, diesel 
engine startability was improved dramatically. 
The starting time was reduced to one third of 
conventional injection system, white smoke 
during starting was reduced more than half, and 
the duration of white smoke emission was 
reduced to one tenth of conventionally injected 
engine. They believed that pilot injection 
produce a cool flame reaction. Even though 
there is not much heat release in the cool flame, 
it does promote ignition of the main injection 
later on. 

Ignition of CI engine relies on both high 
pressure and temperature. At higher 
compression ratios, engine compression 
temperature and pressure are higher, so are the 
wall    temperatures. Higher    compression 
temperatures and pressures lead to shorter 
ignition delay and remarkable reduction in fuel 
adhering to the walls [9]. Higher compression 
ratio helps engine cold start. For this reason a 

higher compression ratio is often chosen which 
is desirable for cold start but compromises 
optimum economy, power and exhaust 
emissions. Higher compression ratio engine 
requires higher power battery to maintain the 
desired cranking speed. In turbocharged diesel 
engines, compression ratio is often reduced to 
limit peak pressures. This obviously has a 
detrimental effect on engine starting 
performance. 

Other things being equal, a direct 
injection engine should be an easier starter than 
an indirect injection engine. The difference in 
the starting performance of DI and IDI diesel 
engines have been reported in detail by 
Biddulph and Lyn [10]. They found that the 
increase in compression temperature once IDI 
diesel engines had started was much greater 
than the increase in compression temperature 
with DI diesel engines. Biddulph and Lyn 
concluded that this was a consequence of the 
higher level of heat transfer that occur in IDI 
diesel engines, and the greater time available for 
heat transfer at lower cranking speeds. They 
also pointed out that for self-ignition to occur in 
diesel engines, a combination of sufficient time 
and temperature is required. With IDI engines 
that have started firing on one cylinder, then the 
reduction in time available for ignition is more 
than compensated for by the rise in conpression 
temperature. Thus once one cylinder fires, then 
all the rest cylinders should fire at the idle 
speed. Biddulph and Lyn found that this was not 
the case for DI diesel engines. The smaller 
increase in compression temperature did not 
necessarily compensate for the reduced time 
available for self-ignition, and it was possible 
under marginal starting conditions, for an 
engine to reach idling speeds with some 
cylinders misfiring, and for these cylinders not 
to fire until the engine coolant had warmed up. 
Such behavior is obviously undesirable, and is 
characterized by the emission of unbumed fuel 
as white smoke. Tsunemoto, et al. [9] studied 
the influence of combustion chamber shape and 
depth on the adhering fuel to the chamber walls 
in   a   direct   injection   diesel   engine.   They 
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concluded that in shallow combustion chambers, 
the distance from injection nozzle to the 
combustion chamber walls with both bowl and 
square cavities is far, and fuel evaporates before 
impinging on the walls reducing the amount of 
remaining fuel. The work of Phatak and 
Nakamura [7] indicated that combustion 
chamber design and the resuhing fuel air mixing 
process has a significant influence on the cold 
startability of DI diesel engine. To obtain both 
good cold startability and performance, the 
combustion chamber design should promote 
locally non-uniform air fuel ratios, but with 
well-organized spray pattern. Combustion 
chambers promoting high swirl and squish are 
not desirable for good startability. Further, they 
concluded that fuel impingement on chamber 
walls is not desirable for good cold startability. 
Regardless of the combustion chamber design, 
rate of injection and nozzle geometry, improved 
cold startability is obtained with retarded 
injection timing. Additional air does not have a 
beneficial effect on cold startability. 

Starting diesel engines in cold conditions 
presents a serious problem. Many factors affect 
engine cold startability, such as fuel properties, 
ambient conditions, fuel injection, cranking 
speed, etc. For decades, researchers have 
worked on this problem intensively and tried to 
understand engine cold start and to find ways to 
improve engine cold startability. In the past, 
most works were done experimentally and great 
improvements were achieved. But there are still 
some questions left unanswered. For instance, 
why does the engine start after long cranking 
period under cold ambient conditions? Why 
does the engine misfire after firing? 

In this study, a zero-dimensional diesel 
engine model is developed based on previous 
works [11,12]. The model is used to simulate 
the overall engine performance under cold start 
and flilly warmed-up conditions and a fuel drop 
and fiiel film evaporation model is developed 
for engine cold start analysis. The target engines 
are a naturally aspirated single cylinder direct 
injection diesel engine (DEUTZ). The filling 

and emptying approach is used to describe mass 
flow processes of the cylinder, blow-by, intake 
and exhaust manifolds. Optimization method 
was used to calibrate the engine models. For 
transient operation during cranking and starting, 
emphasis will be placed on factors that affect 
starting especially cold starting and engine cold 
start instability. 

COLD     STARTABILITY     OF     DIESEL 
ENGINES 

Cold startability of diesel engines can be 
defined as the ability of an engine to quickly 
start and run with minimum assistance fi"om the 
starting motor and to continue to run without 
faltering. Figure 1 and 2 show six typical traces 
for the instantaneous engine speed of Deutz 
engine using diesel fuel DF-2 during cold start 
at -15, -10, 0, 5, 10 and 30 V. Figure 3 shows 
the engine cranking speed at different ambient 
temperatures. At -15 °C ambient temperature, 
the engine cranking at 280 rpm, the first engine 
firing was observed after 43 cycles. It indicated 
that the engine misfired in the next two cycles, 
fired again, followed by eight misfiring cycles, 
ran on a 16-stroke-cycle (cycles 56, 57, 58 and 
59), a 20-stroke-cycle (cycles 60 to 65) and a 
16-stroke-cycle again (cycles 66 to 69). No 
steady acceleration was observed till the end of 
data recording. At -10 ''C ambient temperature, 
the engine cranking at 320 rpm, the first engine 
partial  firing was  observed after 30  cycles. 
Acceleration started at cycle 38. But there was 
repeated misfiring where the engine operated in 
some cases on a 12-stroke-cycle (cycles 54, 55 
and  56),   followed  by  many  8-stroke-cycles 
(cycles 57 and 58; 59 and 60; 61 and 62), and so 
on till cvcle 70 when the data recording ended. 
At   0    C   ambient   temperature,   the   engine 
cranking at 350 rpm and the first attempt for 
ignition and poor firing was observed after 14 
cycles.    The    steady    acceleration,    without 
misfiring, started in cycle 56. At 5 ^C ambient 
temperature, the first partial firing was observed 
in the twenty ninth cycle, after which the engine 
misfired three times, fired and misfired again. 
Because the heat release rate was very low, the 
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engine speed basically remained the cranking 
speed. After 46 cycles, the engine started to 
accelerate. At 10 ^C ambient temperature, the 
first partial firing was observed in cycle number 
twenty one and followed by many partial firing 
cycles. Due to weak heat release from partial 
firing, engine speed increased slowly. Two 
misfiring cycle was observed in cycle 25 and 
32. Sharp increase in engine speed started after 
cycle 45. The engine started immediately at 30 
"C ambient temperature. No misfiring was 
observed. 

Why does the diesel engine require long 
cranking periods before starting at low ambient 
temperature is unknown. Explanations have 
been made for the effect of cranking on engine 
startability. However, the author is not aware of 
any published model in the literature that would 
predict the effect of the ambient temperature 
and fiael properties on the number of cranking 
cycles before the first firing. The following will 
be investigated by using engine model: 

- Effect of cranking period on combustion 
chamber wall temperature. 

- Effect of cranking speed on ignition delay. 
- Effect    of   accumulated    fijel    on    the 

compression ratio. 
- Effect of accumulated fixel on the  fiiel 

vapor concentration. 
- Effect   of  fiiel   properties   on   cranking 

period. 

At low ambient temperatures, the diesel 
engine goes through a long period of cranking 
before it starts. During cranking, hot 
compressed air heats up the cylinder wall 
gradually. This process is slow due to the high 
thermal inertia of engine cylinder wall and the 
relatively low cylinder gas temperatures reached 
in the engine under motoring compared with 
those reached under firing condition. Lower gas 
temperatures lead to lower heat transfer rates to 
cylinder walls. Figure 4 shows the simulated 
piston surface temperature for the Deutz engine 
during cold start motoring without fiiel injection 
at 0 C ambient temperature. After 50 cycles, 
the piston surface temperature increased by 6.9 
V. 

Low cranking speeds produce low 
compression pressures and temperatures due to 
excessive heat transfer losses and blow-by 
losses. Higher cranking speeds- increase the 
engine compression pressures and temperatures, 
which reduces instantaneous ignition delay at 
any given engine crank angle point. 
Instantaneous ignition delay is defined as 
ignition delay calculated by using equation: 

ID = AP-" cxp(^) (1) 

at a given pressure and tenperature. But higher 
speeds leave less time for the autoignition 
reaction to proceed. There must be a cranking 
speed which balances the two aspects and leads 
to a minimum ignition delay time. Equation (2) 
is used to calculate ignition delay integral. 

';»/+'■■-' 

I 1 
dt = l (2) 

where tmj is time to start injection, tid is ignition 
delay time, x is instantaneous ignition delay 
calculated using equation (1). The integration is 
terminated at 390 crank angle degree after 
which combustion is considered to fail. The 
engine model is applied to calculate cylinder 
pressure, temperature, instantaneous engine 
speed and ignition delay integral. The fiiel 
injection starts at 20 crank angle degrees before 
TDC. The results are shown in figure 5. The 
intersections of a unity line and the ignition 
delay integrals represent the ignition delay 
period in crank angle degrees. If the engine 
cranking speed is too low, the ignition integral 
never reaches one, which means misfiring. 
Although ignition delay in millisecond 
decreases as engine cranking speeds increase, 
ignition delay in crank angle degrees is not 
monotonically changing with cranking speed. At 
low engine cranking speeds, ignition delay in 
crank angle degrees decreases as cranking speed 
increases. After a certain point, increasing 
cranking speed causes ignition delay in crank 
angle degrees to increase as shown in figure 6. 
In this case at 300 rpm the minimum ignition 
delay in crank angle degrees is reached. 
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The accumulated fuel in the combustion 
chamber increases the actual compression ratio, 
hence it boosts the compression pressure and 
temperature. In practice, in order to start the 
diesel engine in cold weather, more fuel is 
delivered, usually more than fiill load foel 
delivery. During this cranking period, fuel is 
injected into the combustion chamber. Figure 7 
shows, at 0 °C ambient temperature, the Deutz 
engine with 60 mm^ of fuel per cycle, the 
change of actual compression ratio. Figure 8 
shows the impact of the accumulated fiiel on 
engine peak compression pressure and 
temperature, and cylinder wall temperature. For 
comparison purposes, the wall temperature, 
peak pressure and temperature without fuel 
injection are also plotted on the figures. As 
expected, the actual engine compression ratio 
increased from 17 to 18.07 after 50 cycles. The 
peak compression pressure increased by 205 
kPa, compared to 9.9 kPa without fuel injection; 
the peak compression temperature increased by 
8.1 ''C, compared to 3.0 V without fiiel 
injection; the piston surface temperature 
increased by 7.2 "C, compared to 6.9 *^C without 
fuel injection. Please note that the sharp changes 
in peak pressure and temperature at cycle 
number two are due to low engine speed at first 
cycle, which causes lower compression pressure 
and temperature than normal cranking. The 
simulation results show that the accumulated 
fuel does have an impact on the gas pressure, 
gas temperature and cylinder wall temperature 
during cold start. 

Another effect of the accumulated fuel in 
the combustion chamber on engine cold start is 
due to its evaporation during the ignition delay 
period. The evaporation of accumulated fuel 
increases the overall fiiel vapor concentration, 
therefore increase the chance of fiiel ignition. In 
order to analyze the accumulated fuel evaporation 
in details, fuel injection and spray behavior need 
to be analyzed first. Fuel evaporation can be from 
liquid droplets before they impinge on the wall 
and from the liquid film on the wall. 

The evaporation of liquid droplet has been 

a subject of extensive research.  Borman and 
Johnson's drop evaporation model [13] is adopted 
in this study. The assumptions made are briefly 
repeated  here.   1)   radiation   heat   transfer   is 
neglected;   2)   the   liquid   is   assumed  to   be 
spherically symmetric and the boundary layer 
thickness around droplet is assumed to have a 
space averaged value given by the empirical 
correlation; 3) effects of curvature on the vapor 
pressure are neglected; 4) the liquid is assumed to 
have infinite conductivity because of the rapid 
circulation within the drop; 5) thermal diffiision is 
neglected; 6) the liquid is and remains a pure 
hydrocarbon (no cracking); 7) collision, breakup, 
and droplet vibrations are neglected during the 
calculations; 8) the effect of air turbulence on the 
boundary   layer   are   assumed   negligible;   9) 
chemical reactions in the boundary layer are 
neglected. 

Fuel injection rate is calculated using 
following equation, 

dm. ,  
—L = c,App^AP (3) 

The high-pressure sprays encountered in diesel 
engine operation have a very short breakup 
distance, so that almost the entire spray may be 
treated from the viewpoint of single droplet 
behavior. The initial fiiel droplet diameter was 
represented by the Sauter Mean Diameter (SMD) 
in microns. Tanasawa and Hiroyasu [14] 
measured droplet size distribution in diesel 
sprays. They made extensive measurements for 
various parameters which included the type of 
injector nozzle, rack position of the fuel pump 
and the its speed etc., under atomosphere 
conditions. Further work was reported by 
Hiroyasu and Kadota [15]. They pubhshed a 
Sauter Mean Diameter (SMD) correlation in 
terms of injection pressure, air density and 
amount of fuel injected, 

Do=23.9(AP)-°'^V;"V/'^'        (4) 

Do is SMD in micron, AP is the pressure drop 
in MPa, Vf is the fiiel injected per cycle in mm . 
More experimental works were reported in 
recent years. Some controversial results were 
reported in the literature about the effect of 
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ambient gas pressure on drop size. In this study, 
Hiroyasu's correlation equation (4) is used. 

The  number  of fuel  droplets  formed 
from the injected fiiel, 

N = --^ (5) 

fuel   droplet   evaporation  rate   (Borman   and 
Johnson, 1962), 

convective heat transfer (Borman and Johnson, 
1962), 

Q^=^D.kiT^-T,)Nu-^ (7) 
1 

C 
dm drop 

pv 
dt 

TtD .kNu 

Droplet mass, 

mdrop=-^D.Pf 

Droplet temperature equation: 

■Ah  ^^ 
^  dt 

(8) 

(9) 

(10) 

In this study, Gupta's [16] penetration 
correlation is used. 

S = 1.895 X 10-^ ^-0 29^0.257^0 733 ( j j^ 

Droplet temperature history is calculated using 
equation (6) through (10). Some simulation 
results, shown in figure 9 and 10, are the 
cylinder gas temperature and droplet 
temperature history and the change in cylinder 
fuel air ratio due to droplet evaporation during 
cold start motoring at ambient temperature 0 C. 
Droplet temperature increases quickly after 
injection and gets close to equilibrium about 1 
ms after injection. The fuel air ratio shown in 
figure 10 is the overall value over the whole 
volume of the cylinder. After fuel injection, fuel 
starts to evaporate. The fuel air ratio is the result 
of total mass of fuel vapor inside cylinder 
divided by total air mass inside cylinder. As fuel 
droplets evaporation goes on, more fuel vapor is 
added in the cylinder air and fuel air ratio 
increases. After wall impingement, evaporation 

of fuel drop is terminated and the fuel air ratio 
due to the evaporation of fuel drop keeps 
constant. 

Once the fiiel droplets impinge on the 
combustion chamber surface, a fuel film is 
formed and starts evaporation. The key for 
calculating fuel film evaporation is the film 
surface temperature, which is not known. 
Consider the top layer of the liquid film of 
thickness as a control volume as shown in 
Figure 11, which is dotted line. Apply the 
energy and mass balance to compute fuel film 
surface temperature. 

The complete form of the first law of 
thermodynamic, 
dJi^ja   dW^^ydn}      Vf ^ ^m„    Vl 

dt    dt     dt   ^dt^   2 
(12) 

For the control volume defined in Figure 11, 
there is only mass out, no mass in, no work done 
to the control volume, and neglecting kinetic 
and potential energies, we have, 

dE^    dQ^    dm^ , 

z.-^ft.-.sz.) 

dt        dt        dt 
Mass conservation equation, 

dm _    dm^ 

dt dt 
The     internal     energy 

volume, E„, - mu 

of     the 

(13) 

(14) 

control 

dE„,    dmu      dm du 

dt dt 
u \-m— 

dt        dt 

dm. 
--U- 

dt 

The  heat  transfer  across 
volume boundary, 

dQ„_dQ,    dQ, 

A   A   du 
+ [SxAp— 

dt 
(15) 

the  control 

dt        dt       dt 
combine equation (10), (11), (12), (13), yield. 

dQj    dm 

(16) 

,   ^   du    dQ 
AxAp— = —- 

dt      dt dt       dt 
when   Ax   approaches   zero, 
becomes. 

iK-u) (17) 

equation   (17) 

dm^ 

dt 
{h~u) = ^_da 

dt       dt 
(18) 

30 



h -u = Ah^^ is the latent heat of fuel at fuel 

film surface temperature. Rean-ange equation 

(16), 

^-^ = Ah  ^^ (19) 
dt       dt ""   dt 

The heat transfer from the gas to the fuel film 
surface, 

-IT = "''-' 
The heat transfer inside fuel film, assuming the 
heat transfer is only by conduction. 

K{T,-Tts) (20) 

dQ, -K, 
dT 

dt dx 
combining equation (17), (18), (19) yield, 

dm„ dx 
dt AA^ 

consider forced convection mass transfer. 

dt 

(21) 

(22) 

(23) 

use heat transfer to mass transfer analogy [17], 
we have, 

h I 
,3 

Le = 
Sc _ a 

Pr ~D7 

h  = 

pCLe 

(24) 

(25) 

(26) 

apply ideal gas state equation, the density of 
fiiel vapor at fuel film surface, 

p 
(27) C,. 

RfTu 
the density of fuel vapor at infinity. 

C ■/ 

R^T 
(28) 

note,     P = P^+Pf,     and     fuel     air    ratio 

m,     P, W, 
FA = V _ V "/ 

we have. 

, air fuel ratio AF = 1/FA, 

P W 
 ^^F^^ 

W        W 
l + FA--^      ^f 

W 
\ + AF- 

f 

5- (29) 

The partial pressure of fuel vapor at infinity can 
be computed using equation (29). The fuel 
properties used in this study are from Borman and 
Johnson [13], Reid and Sherwood [18], Henein 
[19], Petris and Giglio [20]. Initially, the wetted 
area is calculated assuming average fuel film 
thickness is 25 ^im based on Stanton's [21] 
experimental work. As the number of motoring 
cycles goes up, the wetted area gradually reaches 
the whole combustion chamber area The effect 
of wetted area on fuel vapor concenfration is 
shown in figure 12. To find out the effect of 
wetted area on fuel evaporation, three cases are 
considered in one engine cycle. Assume the same 
amount of fuel impinged on combustion chamber 
in the three cases, the wetted areas or the fuel film 
thickness are different as shown in figure 12. 
More wetted area means thinner fuel film, which 
results in lower fuel surface temperature. The 
evaporation rate of fuel film is a fiinction of fuel 
film surface temperature. Higher surface 
terrqjerature results in higher evaporation rate. 
The amount of ftiel evaporation is the product of 
evaporation rate and wetted area. This explains 
that more wetted area doesn't mean more fuel 
evaporated. The simulation shows that thicker 
fuel film (less wetted area) evaporates more fuel 
vapor. The change of fuel film thickness from 25 
p,m to 20 ^m results in 2% fuel air ratio 
reduction. The change of fuel film thickness from 
25 |a,m to 30 |j,m results in 3% fuel air ratio 
increase. As cycle number increases, fuel film 
covers more and more area. Eventually (roughly 
3 to 5 cycles depending on the amount of fuel 
injected), the whole bottom of combustion 
chamber will be wetted. 

Figure 13 through 15 show the results of 
fuel drop and fuel film evaporation simulation 
results. Figure 13 shows ftiel film thickness 
changes with cycle number. The fuel film 
thickness gradually increases as more fiiel added 
to the combustion chamber. Figure 14 shows fuel 
film surface temperature in cycle 10, 30 and 50. 
Fuel fikn surface temperatures keep going up as 
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cycle number increases. Figure 15 shows average 
fuel vapor concentration during ignition delay 
period changes with cycle number. From Figure 
16 we can see that the majority of fuel film 
evaporation occurs in a short period of time 
around TDC during the whole engine cycle. 
Initially the fiiel film surface temperature is high 
(droplet temperature). Because the fuel film is 
very thin, it cools down quickly as it losses 
energy to the cylinder wall. As fuel film thickness 
increases, the heat transfer through the fiiel film 
become slower and the time during which the fuel 
film surface temperature stays at high level gets 
longer. Since fixel fihn surface temperature 
determines the rate of evaporation, that means 
more fuel will evaporate as the fuel film become 
thicker and thicker. As discussed in a previous 
section, the accumulated fuel also increases 
compression pressure and temperature. The 
compound effects of temperature increase and 
thicker fuel film increase fiiel concentration 
quickly after cycle number 25 as shown in Figure 
15. The rapid increase in fuel air ratio after cycle 
25 mainly due to fuel film surface temperature 
stays at high level longer thus fiiel concentration 
at fiiel film surface stays at high level longer too, 
which is the driving force for fuel evaporation. 

Diesel fuel auto-ignition involves many 
chemical processes. So far it is still too 
complicated to fully understand. Generally the 
chemical reaction rate for dies el fuel can be 
written as following, 

r = k,[F]cxv{-^) (30) 

where, r is the chemical reaction rate, ko is a 
constant, [F] is fuel concentration, E is the 
activation energy of the fuel, R is gas constant 
and T is the temperature of air fuel mixture. 

From the chain reaction theory, when 
radical concentration reaches a certain value, 
ignition will occur. Integration of equation (30) 
can be considered as the radical concentration as 
shown in the following equation. 

Ar=]k,[F]cxp{—--;)dt (31) 

We introduce the AI in equation (31) as 
autoignition index. If the AI at any given 
conditions is greater than an arbitrary reference 
point, autoignition is considered to occur. Figure 
17 shows the AI at different ambient conditions. 
Now we will set the conditions in the third 
cranking cycle at an ambient temperature of 10 
°C as a reference. The reference AI is shown as 
a dotted line in figure 17. The values used in the 
calculation of the AI are: ko is the specific 
chemical   reaction   constant,    for   simplicity 

considered   equal   to   unity,    — = 4350   K 
R 

represents the activation energy of the fuel, [F] 
is fuel vapor concentration during ignition delay 
period calculated for consecutive cycles. The AI 
for   the   engine   at   four   different   ambient 
temperatures is plotted on the same figure. The 
points of intersection with the reference AI line 
indicate the end of cranking and the start of 
ignition, combustion and engine acceleration. 
For example, at an ambient temperature 278 K, 
cranking would end after  15 cycles. As the 
ambient temperature drops to 273 K and 268 K, 
cranking  would  end  in   cycles   32   and  36 
consecutively.  The model predicts the same 
trend as the engine experimental data shown in 
figure 18. 

COMBUSTION INSTABILITY DURING 
COLD STARTING 

It is common that at low ambient 
temperatures onset of the first firing cycle 
doesn't mean that the engine will fire next cycle 
and accelerate smoothly. Figure 1 shows a trace 
of the instantaneous engine speed during cold 
start at -15, -10 and 0 V, using diesel fiiel DF2 
(fuel properties are listed in table 1). At -10 C, 
the engine was cranked for 29 cycles, after 
which it fired in cycle 30. After cycle 30 it 
misfired in next two cycles, cycle 31 and 32. 
Then it fired again in cycle 33. This kind of 
process went on and on. Figure 19 and 20 also 
show traces of the instantaneous engine speed 
during cold start at -5 ''C using the diesel fuel A 
and at 0 "C using the fuel B (fuel properties are 
listed in table 2). Similar engine operation was 
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observed. This means that combustion 
instability is not fuel specific. Engine fired or 
partially fired every other cycle or every third or 
fourth cycle. This mode of operation can be 
called to 8-stroke-cycle, 12-stroke-cycle and 16- 
stroke-cycle operation. This type of diesel 
engine operation is repeatable and referred to as 
combustion instability [22,23,24]. The 8-stroke- 
cycle, 12-stroke-cycle and 16-stroke-cycle 
operation is undesirable, because it causes 
engine hesitation and vibration. The unbumed 
fuel accumulated in combustion chamber in 
misfired cycle is the major source of white 
smoke emission. 

To analyze diesel engine combustion 
instability, a criterion for ignition must be 
established to quantitatively analyze engine cold 
start. Due to the complexity of diesel 
combustion, a fixll understanding of the 
processes is not reached yet. Based on a large 
number of experimental observations and 
scientific reasoning, researchers usually use 
ignition delay to predict first ignition. 
Unfortunately, there is no well-accepted 
criterion for ignition in cold start, due to the 
complexity of ignition processes and 
uncontrolled physical and chemical conditions. 
The method given in next the section is a rough 
estimate of the onset of ignition. At marginal 
conditions the prediction may not be correct. 
Here the focus is on the physical conditions 
during cold start and its effect on cold start. 

It has been established that the criterion 
for ignition to occur in a diesel engine is that 
compression temperature and pressure should be 
high enough to reduce ignition delay to the time 
available between injection and some point 
around TDC during the compression process 
[25]. Biddulph [10] found that for a given mean 
cranking speed and injection condition, ignition 
would occur near or just after TDC. If the 
ignition delay ends close to TDC, combustion 
will take place. If the ignition delay ends way 
after TDC, while the expansion rate is high, the 
oxidation reactions may slow down and 
misfiring may occur [26,27]. Many 
experimental data in our laboratory showed also 

the same trend. Figure 21 shows experimental 
engine cylinder pressure traces in the first 30 
cycles during cold start at ambient temperatures 
of-5 "C and 5 "^C respectively. From the figures 
we can see that the majority of combustion 
started roughly before 30 crank angle degree 
after TDC. The length of the ignition delay can 
be calculated by Arrhenius type equation, see 
equation (1). Usually the Arrhenius type of 
ignition delay is derived from combustion 
bombs, rapid compression machines or steady 
flow rigs. However, widely differing values for 
the parameters in equation (1) were found in the 
literature. The differences can be as large as 
several orders of magnitude. Not surprisingly, 
the ignition delay values predicted for engines 
also vary widely. In cold start, the compression 
pressure and temperature are usually in the 
lower bound of the test data range or even 
below the test data range; and both the gas 
mixture temperature and pressure keep changing 
during ignition delay period. In order to account 
for the changing conditions in the real engine, 
the integral in equation (2) is often used as a 
criterion for ignition. Obviously, equation (2) 
does not give an upper limit of integration. As 
observed in figure 21, if combustion did not 
start before a certain point in the expansion 
stroke, the engine misfired. After that point, the 
integration of equation (2) will be terminated, 
and the cycle is considered a misfiring cycle. In 
this study this point is set to be at 30 crank angle 
degrees after TDC. Some other workers reached 
similar conclusions [10,25,26]. 

Once autoignition takes place, the 
combustion reactions accelerate, resulting in a 
rapid rate of pressure rise. Both the rate and 
extent of the pressure rise depend on the amount 
of fiiel that has had time to evaporate and mix 
with the air during the ignition delay period. 
Since the ignition is considered to only occur 
between the injection point and certain crank 
angle degree, let's say 30 degree after TDC, the 
time available for the ignition delay to lapse is 
therefore governed by the cranking speed. In 
other words, this available time represents the 
maximum allowable time for the delay period if 
ignition is to occur. The higher the cranking 
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speed, the shorter is the available time for 
ignition to occur. Conversely, the lower the 
cranking speed, the longer is the available time 
for ignition to occur. On the other hand, higher 
cranking speeds result in higher compression 
temperatures and pressures which are in favor of 
ignition, due to the reduced heat transfer losses 
and blow-by losses. 

Since there is no well-accepted ignition 
delay correlation for diesel engines, especially 
for engine cold start, the focus here is on the 
relative changes in ignition delay during cold 
start rather than the absolute values. The 
following will discuss the integral in equation 
(2) at different ambient tenperatures and the 
effect of the firing cycle on the integration. 

From figure 22, we can see that equation 
(1),   the    constants    are   A=0.854,   n=1.31, 
E 
^ = 7; =4350 K [28], gives the correct trend 
R 

for the ignition delay. At lower ambient 
temperatures, the ignition delay calculated by 
using the pressures and temperatures at various 
crank angle degrees decrease as approaching 
TDC, reaches a minimum before TDC, after 
which it increases again. The ignition delay 
increases rapidly after 370 crank angle degree. 
Figure 23 shows that the integral in equation (2) 
reaches unity after different intervals at different 
ambient temperatures. From figure 23, we can 
see the integral increase at a fast rate before 
TDC at all the three different ambient 
temperatures. After 370 crank angle degree, the 
increase in the rates approaches zero. That 
explains why ignition is most likely to occur 
before 390 crank angle degree. 

The first ignition that occurs in the 
combustion chamber does not necessarily mean 
that the engine will start smoothly. Marginal 
conditions in the combustion chamber may 
result in partial ignition or even misfire, which 
may prevent the engine from starting. Figure 1, 
19 and 20 show the engine operating on the 8- 
stroke-cycle, 12-stroke-cycle and 16-stroke- 
cycle during cold start. What causes firing- 
misfiring cycles is really unknown, which 
involves    complex    chemical    and   physical 

processes. We do know that firing increases 
engine speed and heats up the cylinder walls. 
The increased wall temperature and engine 
speed-due to firing will increase compression 
pressure and temperature for the following 
cycles. As the engine slows down in the second 
misfiring cycle, the time allowed for ignition 
gets longer, the integral increases and so the 
chances for successfiil firing improve. If the 
engine misfires again, the engine will slow 
down even more and the chances for successfiil 
firing get better. 

As the unstable combustion continues, 
the engine gets warmer and both the 
compression temperature and pressure increase 
with time. When the engine gets warm enough, 
the combined effect of the increase in speed and 
the drop in heat transfer losses would raise the 
compression temperature and pressure and 
speed up the reaction rate of the autoignition 
processes. The engine might shift from running 
on a 16-stroke-cycle to a 12-stroke-cycle as the 
engine gets warmer. Eventually, the engine 
would shift to an 8-stroke-cycle, followed by the 
regular 4-stroke-cycle. The results of a 
continuous engine cycle simulation for the 
Deutz engine cold start at 0 and 5 "C ambient 
temperature with 60 and 48 mm^ fiiel injection 
per cycle, are shown in figure 29 and 30. In the 
simulation, the engine is assumed to fire in 
cycle number ten at 0 ''C and cycle number 5 at 
5 "C. By using the ignition integral in the first 
firing cycle as ignition threshold, the engine was 
found to fire and misfire in following cycles. 
Figure 24 and 25 show the predicted 
instantaneous engine speed at ambient 
temperatures 0 and 5 ^C respectively. 

The predicted instantaneous engine 
speeds follow the same trend as the engine 
experimental data shown in figure 1, 19 and 20. 
Figure 29 shows some of the trends observed in 
the experimental data for combustion instability. 
After the engine fired in cycles 16 and 22, it 
misfired three times (16-stroke-cycle). After 
cycles 27 and 33 the engine misfired two times 
(12-stroke-cycle). Figure 30 shows similar 
trends in combustion instability as those shown 
in figure 29. The number of firing cycles (before 
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a misfire) increase as the engine gets warmer. 
Comparing between the predicted and 
experimental results, it is noticed that the pattern 
of predicted instantaneous engine speed is more 
regular than that of the experimental data. This 
is expected because the conditions in the 
simulation are well controlled and many 
simplifying assumptions are made. There are 
many unknown parameters which affect engine 
cold start in the real engine. For example the 
effect of the drop in the ambient temperature on 
the injection system and spray formation have 
not been considered in this investigation. In 
addition, the detailed kinetics of the autoignition 
processes are not included in the model because 
they are not well understood yet. Further more, 
the correlations available in the literature for the 
heat transfer in the engine are based on 
experimental under wanned up conditions, 
which is not the case for cold starting. Those 
parameters are very difficult to be covered by 
the simulation models. 

CONCLUSIONS 
The major conclusions are the foUowings: 

1. The length of the cranking period depends 
on a combination of physical and chemical 
parameters. The physical parameters 
contribute to the formation of a 
stoichiometric or slightly rich mixture of 
fiiel-vapor and air. Fuel vapor concentration 
depends on fuel volatility, gas temperature 
and pressure, the rates of heat transfer to the 
liquid and mass transfer to the gas, degree of 
spray atomization, liquid film thickness on 
the wall and time allowed for evaporation. 
The chemical parameters affect the rate of 
the autoignition reactions, which are very 
sensitive to mixture temperature, global 
activation energy E (or fuel Cetane number) 
and fuel-vapor concentration. 

2. The rise in mixture temperature during 
cranking is due to reduced heat transfer from 
the hot gas to the walls and reduced blow-by 
during compression and expansion. Fuel 
accumulation in the combustion chamber 

during cranking increases the effective 
compression ratio, and reduces ignition 
delay; and reduces the heat transfer losses to 
the walls, thus increases the film surface 
temperature and the rate of evaporation. 
Cranking at a higher speed reduces ignition 
delay period due to the higher compression 
temperatures and pressures; but, reduces the 
time available for autoignition reactions to 
be completed near TDC. Accordingly, there 
is a speed beyond which the ignition delay, 
in crank angle degrees, increases and 
cranking period becomes longer. 

3. An Autoignition index (AI) is introduced to 
combine the physical and chemical 
parameters. 

•■end C* 

AI=\k,[F]oxpi-—)dt 

Cranking     would     continue 
autoignition index is reached. 

till     the 

4. The misfiring after firing is caused by an 
imbalance between engine dynamic and 
combustion kinetics. The high rate of 
acceleration after a firing cycle that reduces 
the time available for the physical and 
chemical processes to be completed near 
TDC, where the conpressed air temperature 
and pressure are at their peak levels. There 
is a point in the expansion stroke after which 
the gas temperature drops at a rate that 
hinders the progress in combustion. After a 
misfiring cycle the engine decelerates for 
one or more cycles. As the engine speed is 
reduced, more time becomes available at 
TDC for the combustion reactions to 
proceed and produce firing. As the engine 
continues to fire and misfire, engine walls 
get warmer and the charge temperature 
increases. This enhances the combustion 
process, reduces the time needed near TDC, 
and the number of misfiring cycles drops. 

5. The simulation model is able to predict the 
operation of the engine on a 16-stroke-cycle 
and its shifting to a fewer number of strokes 
per cycle. This phenomenon has been 
observed      in      previous      experimental 
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investigations on different engines and fuels 
in our laboratories. 
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Table 1 Fuel properties of DF2 

Specific Gravity 0.8547 
Kinematic Viscocity (40 "C) 2.7050 
Flash Point ("C) 58.33 
Cetane No. 45 
Calorific Value (kcal/kg) 10701.5 
Sulfur Contmt, wt % 0.262 
DistiUation CQ 
5% 201.0 
15% 217.5 
25% 228.0 
35% 239.5 
45% 251.0 
55% 262.0 
65% 274.0 
75% 286.0 
85% 302.0 
95% 336.0 

Table 2 Fuel properties of Japanese fuel 

Fuel A B 
Cetane No. 49.2 38.7 
Density at 15 "C (g/cm') 0.8066 0.8227 
Viscosity at 30 "C (mm^/s) 1.916 1.653 
Sulfur (mass %) 0.014 0.012 
Flash Point CQ 48.0 50.0 
DistiUation CQ 

5% 163.5 167.5 
10% 170.0 173.0 
20% 179.5 180.5 
30% 191.0 187.5 
40% 205.5 195.5 
50% 221.0 205.0 
60% 238.0 217.5 
70% 257.0 236.0 
80% 280.0 265.5 
90% 313.5 304.5 
95% 336.5 331.5   1 
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Deutz engine: tested, cold start. -15 C 
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Figure 1 The experimmtal instantaneous engine 
speed from cycle#l to 70, Deutz engine, cold start, 
DF2, at -15, -10 and 0 °C respectively. 

Figure 2 The experimental instantaneous engine speed 
from cycle#l to 70, Deutz engine, cold start, DF2, at 5, 
10 and 30 °C respectively. 

37 



»    350 

300 

Deutz engine: test, cold start, motorina 

a     expsrim ental data 

 simulated 

Deutz engine: simulated, cold start motoring, 0 C 

—I-—i 1 ■ 1 ' 1 ' 1       I 

-20 -10 0 10 20 30 
ambient temperature (C) 

Figure 3 Engine aanking speed at different ambient 
conditions, Deutz engine, cold start motoring. 
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Figure 6 Simulated effect of engine cranking 
speed on ignition delay, Deutz engine, 0 °C. 
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Figure 4 Simulated engine cylinder wall temperature 
warm-up history, Deutz engine, cold start motoring, no 
fuel injection, 0 ''C. 
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Figure 7 Effect of accumulated fuel on actual engine 
compression ratio, (Deutz aigine, cold motoring, 0 °C, 
with 60 mm^ fiiel injection). 
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Figure 5 Simulated igaition delay integratal vs. 
engine cranking speed, Deutz engine, cold start 
motoring, 0 ^C. 
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Deutz engine: simulated, cold start motoring, 0 C, 60 mm 
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Figure 8 Simulated effect of accumulated fuel on piston 
surface temperature, peak cylinder compression 
temperature and peak cylinder pressure (Deutz engine, 
cold motoring, 0 °C, with 60 mm^ fiiel injection and 
without fiiel injection). 
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Figure 9 Simulated droplet tempa-ature history, 
Deutz engine, cold start motoring, 0 °C. 
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Figure 10 Simulated ia cylinder fiiel air ratio due 
to droplet evaporation, Deutz aigine, cold start 
motoring, 0 °C. 
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Figure 11 Diagram of fiiel film evaporation model 
control volume. 
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Deutz engine simulated cold start motoring, 0 C 
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Figure 12 Simulated effect of fiiel film thickness on fiiel 
film evaporation: fuel air ratio and fiiel film surface 
temperature, Deutz aigine, cold start motoring, 0 °C. 
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Figure 14 Simulated fuel film surface tempaature, 
Deutz mgine, 0 "C, 60 rom^. 
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Figure 15 Simulated average fiiel vapor concentration far 
away fi:om fiiel film surface during ignition delay period, 
Deutz engine, cold start motoring, 0 °C, 60 mm^. 
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Figure 13 Simulated fiiel film thickness, Deutz 
engine, 0 °C, 60 mm^ Figure 16 Simulated fiiel concentration at fuel 

film surface, Deutz engine, cold start motoring, 
0°C, 60mml 
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Figure 17 Simulated engine autoignition index at 
different ambient temperature, Deutz engine, cold 
start motoring. 
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Figure 18 Comparison between predicted and 
experimental data of number of cranking cycle 
before fir.<;t firinff. Deutz engine 
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Figure 19 Experimental instantaneous engine speed 
cycle#l to 30, Deutz aigine, cold start, fuel A, -5 "C. 
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Figure 20 Experimental instantaneous engine speed 
cycle#l to 70, Deutz mgine, cold start, foel B, 0 °C. 
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Figure 21 Experimmtal aigine cylinder pressure in 
first 30 cycles, Deutz engine, cold start at -5 and 5 
°C, fuel A. 
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Deutz engine: simulated, cold start. Deutz engine: simulated, cold start, 5 C, 48 mm 
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Figure 22 Ignition delay calculated at instanteous 
pressure and temperature, -5, 0 and 5 C, Deutz 
engine, cold start motoring. 

Deutz engine: simulated, cold start. 

/^/ 

 Tamb = 268K 
                273 K 

^               278 K 

1,1,       ,1 . 1 . L 1       .       1 

340  345  350  355  360  365  370  375  380 
CA 

Figure 23 Simulated ignition delay integration at 
-5, 0 and 5 "C, Deutz engine cold start motoring. 
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Figure 24 Simulated instantaneous engine speed during 
engine cold start, Deutz engine, cold start, 0 °C, 60 
mm^ fuel injected. 
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Figure 25 Simulated instantaneous engine speed 
during engine cold start, Deutz engine, cold start, 
5°C, 48 mm^ fuel iajected. 

42 



NOMENCLATURE 
A area, m 
Cd discharge coefficient, - 
CL heat capacity of liquid fuel, J/kg-K 
Cis concentration of fuel vapor at fuel film 

surface, kg/m 
Coo concentration of fuel vapor at distance, 

kg/m^ 
Dij diffixsivity of fuel in air, m^/s 
Dj fuel droplet diameter, m 
E activation energy, kJ/kg 
he heat transfer coefficient, w/m -K 
hm mass transfer coefficient, m/s 
ID ignition delay, ms 
K thermal conductivity, w/m-K 
Le Lewis number, — 
mdrop mass ofafiiel droplet, kg 
mf mass of fuel injected, kg 
Nu Nusselt number, - 
P pressure, or total pressure, kPa 
Pfs partial pressure at droplet surface, kPa 
Pv fuel vapor pressure, kPa 
Pr Prandtl number, - 
Qc convective heat transfer, J/m 
R gas constant, kJ/kg-K 
rpm revolutions per minute 
S spray penetration, m 
Sc Schmidt number, — 
Sh Sherwood number, - 
SMD Sauter Mean Diameter, micron 
Tfs temperature at fuel surface, K 
Tg cylinder gas temperature, K 
Ti temperature of hquid fuel, K 
TDC top dead center, — 
Vf fuel injected per cycle, mm 
Wa molecular weight of air, g/mol 
Wf molecular weight of fuel, g/mol 

a thermal diffusivity, m Is 
p^ density of gas, kg/m 

Pj. density of fiiel, kg/m 

A/z^ latent heat of fuel, J/kg 

AP pressure difference cross the fuel 
injector nozzle, kPa 
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In view of the new regulations for diesel engine 
emissions, EGR is used to reduce the NOx 
emissions. Diluting the charge with EGR affects 
the autoignition, combustion as well as the 
regulated and unregulated emissions of diesel 
engines, under different operating conditions. This 
paper presents the results of an investigation on the 
effect of EGR on the global activation energy and 
order of the autoignition reactions, premixed and 
mixing-controlled combustion fractions, the 
regulated (unbumed hydrocarbons, NOx, CO and 
particulates), aldehydes, CO2 and HC speciation. 
The experiments were conducted on two different 
direct injection, four-stroke-cycle, single-cylinder 
diesel engines over a wide range of operating 
conditions and EGR ratios. 

Introduction 

EGR is widely used in many types of combustion 
systems to reduce nitrogen oxides (NOx) 
emissions. Its main effect is to reduce the oxygen 
concentration in the charge and the temperature of 
the combustion products. In diesel engines, EGR 
affects the autoignition and combustion processes 
and other engine-out emissions [1-21], This paper 
investigates the effects of EGR on the autoignition 
and combustion processes, cool flame, and the 
engine-out emissions of (CO), aldehydes (RCHO), 
acetone (CH3COCH3) and particulate matter 
(PM). 

Experimental Setup 

Two single-cylinder, direct-injection, four-stroke- 
cycle, diesel engines were used in this 
investigation. Engines' specifications are given in 
Appendix A. Both engines were instrumented to 
measure the needle lift and cylinder gas pressure 
using flush-mounted, water-cooled piezo-quartz 
pressure transducers. Since engine emissions are 
affected by fuel properties, it is important to note 
that AMOCO Premium diesel fiiel was used in all 
the experiments. The fuel properties and its GC 
analysis are given in appendix B. 

One engine was water-cooled and the tests 
simulated turbocharged diesel engines, with loads 
and speeds typical to the conditions in a hybrid 
diesel-electric medium size vehicle. The engine is 
equipped with an electronically controlled high- 
pressure common rail fuel injection system. The 
tests covered a wide range of fiiel injection 
pressures and EGR ratios. The details of the 
engine and instrumentation are given in reference 
[91 
The second engine was naturally aspirated, air- 
cooled and ran under no load and different speeds. 
The engine is equipped with a pump-line-injector 
system. The details of the engine and 
instrumentation are given in reference [43]. 
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The effect of the average charge temperature 
(during ignition delay) on the ID is plotted in 
Fig.5. At the same charge temperature, the rates 
of the physical processes are not "affected by the 
presence of EGR. Accordingly, the increase in ID 
is mainly due to the drop in oxygen concentration 
at the higher EGR ratios. 
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Figure 3.   Effect of EGR on ID (Test conditions 
for Engine 1 are given in the appendix A) 
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Figure 5 Influence of charge average temperature 
on ID, Engine 1 

Effect of EGR concentration on the global rate of 
the autoignition reactions 

The pre-ignition processes include the spray 
development and formation of droplets, heat and 
mass transfer between the gas phase and hquid 
phase and the formation of an auto-ignitable 
mixture, endothermic reactions leading to the 
formation of radicals at a critical concentrations in 
some parts of the spray, local exothermic reactions 
leading to the formation of auto-ignition nuclei and 
the start of flame propagation into the combustible 
charge in the spray. The details of these 
processes, in particular the chemical reactions, are 
not well understood. The auto-ignition reactions 
of some single compound light hydrocarbons 
appear in the literature. These reactions become 
more complicated and numerous as the number of 
carbon atoms in the molecule increases. The 
problem is much more difficult for distillate fuels 
that are composed of a large number of 
hydrocarbons of different molecular structure and 
number of carbon atoms. This justifies the use of 
the global approach for the auto-ignition reactions. 

Since the inlet temperature and pressure are kept 
constant in all the runs, it is reasonable to consider 
that the physical processes are the same as 
explained earlier, and the autoignition reactions are 
the controlling process, at all EGR ratios. 
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The global chemical reaction rate between the fuel 
and air oxygen can be given by 

r = A exp[-E/(RT)][Fr[02f 0) 

And the ID can be  correlated to the oxygen 
concentration and temperature during ID, by 

ID=kp-"exp[E/(RT)] (2) 

The effect of EGR on the autoignition reactions 
can be determined, if we find its effect on E and n. 

Effect of EGR on global activation energy E 

EGR contains nitrogen oxides, aldehydes and other 
incomplete combustion products. Previous studies 
indicated that the addition of small amounts of NO 
in air significantly reduces the ignition temperature 
of hydrocarbon fiiels [39]. Since the concentration 
of NO in the intake increases with EGR ratio, it is 
interesting to find out if increasing EGR has any 
effect on the mechanisms of autoignition, that 
would show in the variation in the activation 
energy E. 
An extensive analysis was made to find out the 
change in E with EGR, using different variation 
functions and different reaction orders. It was 
finally concluded that EGR has a minor effect on E 
and amounted to an increase of only 2% at 65% 
EGR. Accordingly, the data for all the EGR ratios 
are used to determine the global activation energy. 

A plot of the logarithm of the ID versus the 
reciprocal of the absolute average charge 
temperature during ID is given in Fig. 6. 
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Figure 6. Ln ID versus the reciprocal of the 
absolute mean gas temperature (1/Tm) during 
ID. (Test conditions for Engine 1 are given in the 
appendix A) 

The relationship is linear, and the equation of the 
best fitting line is 

Y = 4191.6x + 0.9442 (3) 

The slope of the line in Fig. (6) is the global 
activation energy divided by the universal gas 
constant R.     The global activation energy is, 
therefore 

E = 34,850 J. 

Previous investigators developed correlations for 
ID, and reported different values for E. According 
to Ayoub and Reitz [4] E=618840/(CN+25). The 
CN for AMOCO Premium is 50,thus E = 34,515 J; 
according to Wolfer [41] E = 38,660 J; according 
to Sitkei [37] E = 32,653 J; according to 
Henein and Bolt [10] E = 31188 J, according to 
Stringer [38] E=45502.522 J, according to 
Pederson [30] E = 42,812 J and according to 
Hiroyasu [12] E=60,525. 

The differences in the values of E are due to the 
variety of test equipment; the methods used in 
determine the end of ID and the properties of the 
diesel fiiel used in the investigations. The 
equipment used includes constant volume vessels, 
and different engine designs. The methods used to 
detect the end of ID include the pressure trace, heat 
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release calculations and the luminosity of the 
flame. The fuels used include diesel fuels of 
different distillation ranges, cetane numbers. Some 
investigators used a blend of primary reference 
fuels. Han [9], in a recent study in our 
laboratories, conducted experiments on a heavy- 
duty diesel engine using DF-2 and reported E = 
38,785 J. This is slightly higher than the value of E 
of the current study in v^^hich AMOCO Premium 
was used. 

Effect of EGR on the order of the global reactions 
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The global order of the autoignition reactions 
obtained from the slope of the best straight line in 
the plot of In (ID) versus In [O2] is n = 1.97. The 
values for n given in the literature are: Wolfer 
n=1.19; Sitkei n=1.8; Stringer n=l; Hiroyasu 
n=1.23andHan n=1.899.. 

Effect of EGR on cool flames 

Cool flames can be detected from the cylinder gas 
pressure, or the apparent rate of energy (heat) 
release traces. 

Figure 8. Cylinder gas temperature for 0% and 50 
% EGR. (rpm: 1500, inj. pressure: 800 bar ). 

Figure (7) shows that for 0% EGR, the cylinder 
gas pressure dropped by 4 bar due to fuel 
evaporation, endothermic reactions, heat transfer 
to the walls and piston motion. The corresponding 
drop for 50% EGR is 1.5 bar. Similarly, Fig. 8 
shows that the drop in cylinder gas temperature 
amounted to 60°C and 45°C for 0% and 50% EGR 
respectively 
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Figure 7. Pressure traces for 0 and 50% EGR 
( rpm: 1500, inj. pressure: 800 bar) Figure 9. Apparent rate of energy release for 0% 

and 50% EGR (rpm: 1500, inj. pressure: 800 bar). 

The difference in the energy released in the two 
cases is clear in Fig. 9. For 0% EGR no energy 
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was released before the start of the main 
combustion event. For 50% EGR, the energy 
released due to cool flames reached 1IJ / CAD. 

Effect of EGR on combustion 

In diesel engines, combustion is considered to take 
place in two modes: premixed combustion and 
mixing-controlled combustion. The two fractions, 
determined from the apparent energy (heat) release 
rate, are plotted at different EGR ratios in Fig. 
(10). The increase in the premixed combustion 
fraction with EGR is caused, mainly, by the 
increase in the ID. As explained earlier, dilution 
of the fresh charge with EGR reduces the oxygen 
concentration and rate of the auto-ignition 
reactions. The longer ID periods allow more fuel 
to be evaporated and mixed with the air and bum 
in a premixed mode. 
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Figure 10. Effect of EGR on the premixed and 
mixing-controlled combustion fractions.(Engine 1, 
rpm: 1500, inj. pressure: 400 bar) 

Effect of EGR on engine-out emissions 

Effect    on    regulated    incomplete    combustion, 
products 

The effect of EGR on unbumed hydrocarbons, 
carbon monoxide and soot are shown in figures 
(11 to 13). It is clear that the reduction in the 
oxygen concentration is the main cause of the 
increase in all the incomplete combustion 
products. 

Fig.  11.    Effect of EGR on carbon monoxide. 
(Engine 1, 1500 rpm, 800 bar inj. pressure ). 

Figure 12. Effect of EGR on unbumed 
hydrocarbons (Engine 1, rpm: 1500, inj. pressure: 800 
bar). 
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Figure 13. Effect of EGR on smoke emission 
(Engine 1, rpm: 1500, inj. pressure: 800 bar) 

Effect of EGR on NOv 

Figure (14) shows that EGR has a strong impact on 
reducing NOx concentration. The drop in NOx is 
linear at a sharp rate up to 40% EGR, and at a 
lower rate at higher EGR ratios. EGR reduces the 
oxygen concentration in the charge and reduces the 
temperature of the combustion products. 
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Figure 14.    Effect of EGR on NOx emissions 
(Engine 1, rpm: 1500, inj. pressure: 800 bar) 

Effect of EGR on aldehydes 

High Pressure Liquid Chromatography is used in 
measuring the exhaust aldehyde emissions. 
Figure (15) shows a sample of the traces for 
different aldehydes at 0% EGR and 45% EGR 
ratios. In both cases, formaldehyde (HCHO) has the 
highest concentration; followed by acetaldehyde 
(CH3CHO). Acetone (CHSCOCHS), acrolein (C3H40} and 
propionaldehyde (CH3CH2CHO) have much lower 
concentrations. 
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Figure 15. Comparison between the aldehyde 
HPLC traces with 0% and 45% EGR.( Engine 1, rpm: 
1500, inj. pressure: 800 bar) 

Figure (16) shows that all the aldehydes dropped 
as EGR increased up to 25%, but a further increase 
increases the concentrations, although the values 
remain lower than those for 0% EGR. 

Aldehydes are known to be the result of low 
temperature partial oxidation reactions. These 
occur in the spray regions where the mixture is too 
lean or too rich and where combustion 
temperatures are relatively lower than in other 
areas of the spray. With EGR, these zones expand 
and cause an increase in aldehydes. This explains 
the rise in aldehydes with EGR above 25%. 
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Figure   16.   Effect   of EGR   on   the   aldehyde 
emissions (Engine 1, rpm: 1500, inj. pressure: 800 bar). 
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Figure 17. Effect of EGR (idling at various speeds) 
on aldehydes - Engine 2 

It    can    be    clearly    seen    that   the    acetone 
concentration decreases with the increase in EGR. 
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Figure  18.  Effect of EGR on formaldehyde 
(Engine 1, rpm: 1500, inj. pressure: 800 bar) 
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Figure 20. Effect of EGR on acetaldehyde - (Engine 
1, rpm: 1500, inj. pressure: 800 bar} 
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Figure 21. Effect of injection pressure on 
acetaldehyde - (Engine 1, rpm: 1500, inj. pressure: 800 

bar) 
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Figure 22. Effect of EGR on acetone 
rpm: 1500, inj. pressure: 800 bar) 
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Figure 23. Effect of injection pressure on acetone 

(Engine 1, rpm: 1500, inj. pressure: 800 bar) 
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Acrolein 
Propionaldehyde 
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Figure 24. Effect of EGR on acrolein - (Engine 1, 

rpm: 1500, inj. pressure: 800 bar) 
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Figure 26. Effect of EGR on propionaldehyde - 
(Engine 1, rpm: 1500, inj. pressure: 800 bar) 
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Figure 25. Effect of injection pressure on acrolein 

- (Engine 1, rpm: 1500, inj. pressure: 800 bar) 
Figure 27. Effect of injection pressure on 
propionaldehyde - (Engine 1, rpm: 1500, inj. pressure: 

800 bar) 
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Effect of EGR on hydrocarbons speciation 

Speciation of unbuiiied hydrocarbon exhaust 
emissions is*of interest in the study of the sources 
of diesel order (Roy 2000). Most of the 
hydrocarbon species in diesel exhaust has been 
found to have up to 12 or 13 carbon atoms (Otsuki 
1995,    Clark     1996). Speciation    covered 
hydrocarbons from Ce to Cig. The chromatogram 
traces in figures (28 and 29) indicate that their 
concentrations reached higher peaks as EGR ratios 
increased. This agrees with the data in Fig 12, 
which indicates that the concentration of the total 
hydrocarbons increases at higher EGR ratios. 
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Figure 28. Gas chromatogram for unbumed 
hydrocarbons with 0% EGR.( Engine 1, rpm: 1500, inj. 
pressure: 800 bar) 

Figure 29. Gas chromatogram for unbumed 
hydrocarbons with 50% EGR.( Engine 1, rpm: 1500, 
inj. pressure: 800 bar) 

Conclusions 

The following conclusions are based on an 
experimental investigation on two single cylinder; 
four-stroke-cycle, direct-injection research diesel 
engines. One engine is water cooled, has a 
common rail electronically controlled fuel 
injection system. The engine ran under simulated 
warmed up turbocharged conditions. The injection 
timing was adjusted to keep the peak pressure 
location at 6°-7° after TDC. The second engine 
was naturally aspirated, air cooled, and has a 
conventional pump-line-injector fiiel system. The 
fiiel used in both engines is AMOCO premium 
diesel fiiel. 

1. EGR reduces the rates of the autoignition 
reactions, as indicated by the increase in 
ignition delay period. EGR was found to 
have no effect on the activation energy and 
the order of the global autoignition 
reactions. Its main effect is to reduce 
oxygen concentration. 

2. Cool flames are observed and their 
intensity increased at higher EGR ratios. 
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3. The premixed combustion fraction 
increased with EGR, because of the larger 
amount of fuel injected during the longer 
ignition delay period. 

4. While EGR was very effective in reducing 
NOx, it increased all the incomplete 
combustion products, such as unbumed 
hydrocarbons, carbon monoxide, and soot. 

5. The main aldehydes emitted in the exhaust 
were in the form of formaldehyde and 
acetaldehyde. Acetone, acrolein and 
propionaldehyde had much lower 
concentrations. The general trend for the 
aldehydes under the loaded conditions is to 
decrease in concentration with the addition 
of EGR and reached a minimum at about 
25%. 

6. Hydrocarbon's speciation traces showed 
an increase in all the species with EGR. 
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List of abbreviations 

ATDC - After Top Dead Center 
BTDC - Before Top Dead Center 
CAD - Crank angle degree 
E - Activation Energy 
EGR - Exhaust Gas Re-circulation 
F - Fuel 
GC - Gas Chromatograph 
ID - Ignition Delay 
inj. - injection 
R - Universal Gas Constant 
T - Temperature 
TDC - Top Dead Center 
Tm - Average charge temperature during ID 
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Appendix A 

- Engines specification 

Test matrix for engine 2 

Engint 1 

* 4-S DI Diesel engine 

* Single cylinder 

* Supercharged 
* Water-cooled 

* Electronically controlled 
common rail injection 

»   400,600,800, 1000,1120 
bar injection pressure 

* Variable timing 

Engine 2 

* 4-S DI Diesel engine 

* Single cylinder 

* Naturally aspirated 

* Air-cooled 
* Mechanically controlled 

injection 
* 250 bar injector opening 

pressure 

* Fixed timing 

Test matrix for engine 1 

900 rpm 1500 rpm 2000 rpm 

No load X X X 

Inj opening pressure 250 bar 250 bar 250 bar 

0% EC» X X X 

5%ECR X X X 

10% Ecai X X X 

15% B3R X X X 

20% ECR X X X 

25%ECR X X X 

30% Ecm X X X 

35% EGR X X X 

40% EGR X X X 

45% ECR X X 

50% ECR X X 

55% Ecai X X 

60% EGR X X 

65% ECR X X 

speed [rpm] 900 1500 2000 

IMEP [kPal 180 300 500 

Intake press, [bar] 1 1.2 1.4 

Back press, [bar] 1.1 1.5 1.8 

Intake temp. [K] 350 350 350 

Water temp. [K] 355 355 355 

Running conditions for engine 1 

e%       15%      25%     35%   40%    45%    50%   55% 
EGR       EGR       EGR     EGR   EGR   EGR   EGR   ECR 

9M 
rpm 

MObiaj 
pros X X 

load 

15M 

ipm 

400 b»j 
press X X X X X 

ligtt 
hnd 

15«0 iOObiaj 
press X X X X X 

knd 
1500 800b iaj 

press X X X X X 

liglil 
load 

1500 
rpm 

1000b iaj 
press X X X X X 

kair- 
kad 

2000 
rpm 

MObiaj 
pres X X X X X 

bilf- 
load 

2000 
ipm 

800b iaj 
pirss X X X X X 

kalf- 
knd 

2000 
rpm 

1000b iaj 
pres X X X X X 

talf- 
iMul 

2000 

rpm 

U20bi>j 
press X X X X X 

Appendix B 

Fuel properties 

Figure B-1. Amoco Premium composition 

Figure (B-1) represents the Amoco Premium fuel 
composition in terms of carbon numbers as 
measured at Wayne State University by using the 
gas chromatograph. 

Other characteristics: 
SPGR 60:        0.8438 (specific weight) 
LHV 42.78 mJ/kg (lower heating value) 
H/C 1.819 (hydrogen to carbon ratio) 
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ABSTRACT 

Combustion instability and white smoke emissions 
are serious problems during cold starting of diesel 
engines. In this investigation, a model has been 
apphed to predict mis&ing based on an analysis of 
autoignition process. The effect of injection timing 
on combustion instabihty during the cold start 
transient, at different ambient temperatures is 
investigated, both theoretically and experimentally. 
Maps have been developed to show the zones where 
misfiring would occur. The experimaital work was 
conducted on a direct injection heavy-duty diesel 
engine in a cold room. The room temperature covered 
a range from 21 ° C to -10° C. The cycle-by-cycle 
data analysis was made and results plotted on the 
developed maps. The experimental results correlated 
fairly well with the model prediction. Based on the 
analysis, a new strategy for cold starting can be 
developed to reduce combustion instability and white 
smoke emissions. 

INTRODUCTION 

Diesel cold starting is influenced by many design and 
operating parametas, which affect the air 
temperature and pressure near the end of the 
compression stroke. Such parameters include the 
ambient temperature (1^, 12,13); cranking speed (5, 
9,15, 16, 18); injection parameters and fiiel properties 
particularly cetane number and volatihty (4).   Many 
investigations have been conducted on diesel cold 
starting, and concentrated on the Imgth of the 
cranking period. Voy few studies dealt with the 
engine performance after it starts to fire.  Work 
conducted at the Center for Automotive Research at 
Wayne State University indicated that misfiring may 
occur once, twice or more, before the engine fires 
again and reach a steady idling speed. This type of 
operation is referred to as combustion instability. 
Combustion instabihty causes engine hesitation, 
rough operation and long periods of time before it 
reaches a steady idling speed. In the worst case, the 
engine may suffer complete starting failure. Part of 
the fiiel accumulated during the misfiring cycles is 
emitted in the next firing cycle and appears as white 
smoke. 

Diesel engine combustion instabihty has been found 
to be repeatable, rather than random, during cold 
start; not engine or fuel specific, and inaeases with 
the drop in ambient tempaature (1-4). Otha 
investigators make similar observations (10, 14, 20, 
21). 

In this investigation, expaimental and analytical 
studies are made and aimed at developing a new 
diesel engine cold start strategy to reduce or 
eliminate combustion instabihty and white smoke 
emissions. 

Diesel Autoignition and ID Reformulation 

The autoignition process, often represented by the 
ignition delay period (ID), plays an important role in 
diesel combustion process. The ID includes physical 
and chemical delays. Misfiring is the resuU of 
autoignition failure.   The dependmce of ID of the 
gas pressure and tempaature is often expressed as: 

^,v = ^P~" exp 
^E  ^ ^A 

(1) 
VRTJ 

where 
Tjd the ignition delay period 
p pressure 
EA apparent activation ai&gy 

R        universal gas constant 
T absolute temperature 

To account for the variation in the air pressure and 
temperature during ID in mgines the following 
integral is used to calculate ID. 

i; dt = \ (2) 

where 
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tsj the time at start of injection 
Xid the ignition delay period 
X the ignition delay calculated from 

Eq. 1 

A recent study showed that Eq. 2 does not account 
for the effect of piston motion on ID computations 
(26). The error in the ID calculations grows rapidly 
when the injection timing is retarded, which is often 
the case during cold starting.   Equation (3) has been 
developed to account for the change in cylinder 
volume caused by piston motion. 

dX 1899 
 = 0.876/7     e 
dt 

4655 )^dV_ 

V dt 
(3) 

where 
X 

the end of ID. 
P 
T 
V 
t 

a parameter that reaches unity at 

cylmder pressure (Bar) 
cylinder temperature ( K) 
volume 
time 

Equation (3) is a first order differential equation widi 
an initial condition, X = 0, at the start of fiiel 
injection. 

EXPERIMENT SET UP 

A heavy-duty, four-stroke-cycle, 4-cylinder, direct 
injection, turbocharged diesel engine was used in this 
investigation. Table 1 is a list of the engine 
specifications. The inter-cooler was removed 
considering that it will not have any substantial effect 
on the intake process during cold starting.   A 
coolant tower was connected to the engine to keep 
the coolant temperature at the ambient temperature 
throughout the cold starting test. Diesel fuel was 
used in all the expa-iments. 

Table 1. Engine Specifications 
Firing ordo- 1-3-4-2 
Compression ratio 15:1 
Bore 130 mm 
Stroke 160 mm 
Displacement 8.5 Liter 

The engine was installed in a cold room where the 
ambient tempCTature can be controlled from -40 °C to 
32 °C. Its own elecfric starter and 12 voft battwies 
cranked the engine. The batteries were put in the 
cold room but connected in parallel with an out of 
room booster to ensure enou^ and repeatable 
cranking power. Before a test, the mgine with the 
fuel tank, and batto-ies were soaked in the cold room 
for at least 8 hours under the required ambient 
temperature. 

An optical shaft encoder was installed on the 
flywheel side of the crankshaft to measure the 

instantaneous angular velocity and determine the 
position of top dead center (TDC). The TDC signal 
was aligned with cylinder # 4 which is the closest to 
the flywheel. 

Each of the four cylinders was instrumented with a 
quartz crystal pressure transducer to measure the gas 
pressure, a hi^ response thermocouple in the 
exhaust manifold close to the port, and a strain 
gauged rocker arm to measure the start and duration 
of injection of the imit injector (EUI). The output of 
the sfrain gauge is proportional to the force on the 
plunger, and hence the fiiel pressure. A special fuel 
injection test rig was buift to cahbrate the sfrain 
gauge of each of the four rocker arms and determine 
the fuel delivery per cycle at different speeds and 
loads. A description of the method developed to 
utihze the sfrain gauge signal to determine the 
injection events is given in the appendix. 

RSADiaADai 

Figure 1. Sfrain gauge installation on the rocker arm 
of the Unit Injector. 

EXPERIMENTAL RESULTS AND 
DISCUSSIONS 

Tests were conducted at 5 different ambiait 
temperatures: 21°C, 5 °C, 0 °C, -5 °C, and -10°C. 
Figure 2 shows the instantaneous engine speed trace 
during the cold start fransient at an ambient 
tempaature of 2rc. It should be reminded that TDC 
is aligned with cylindff # 4. Figures 3 to 5 are for the 
cylinder gas pressure, fuel injector rocker arm sfrain 
gauge signal, and exhaust temperature of cylindff # 4 
respectively. Figure (2) shows that the engine was 
cranked for two revolutions, after which one of the 
cylinders fired, followed by the other firing cylindCTS. 
This caused the aigine to accelerate and reach 900 
rpm, after which the speed fluctuated several times. 
The engine eventually stabilized at an idling speed of 
about 800 rpm. The engine speed fraces at other 
ambient tempaatures are shown in figure 6,8,10 and 
12 . It can be seen from these figures, that the engine 
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experienced more speed fluctuations and took longer 
time to reach the stable idling speed. This is caused 
by the increase in the number of misfiring cycles at 
lower ambient temperatures. This is evident on the 
cylinder pressure trace of cylinder #4, given in 
figures 7, 9, 11 and 13.   The pressure traces of the 
other cylinders, not given in this paper, show a 
similar behavior to cylinder # 4. 

Misfiring can be detected fi:om dynamic, thermal or 
thermodynamic indicators. When a cycle misfires, 
the instantaneous engine speed after the expansion 
stroke is lower than that before compression stroke. 
Under steady state, these two speeds should be the 
same. The liiermal indicators include the exhaust gas 
temperature after the exhaust valve open (EVO). The 
thermodynamic indicators include the cylinda gas 
pressure or IMEP, and the ampUtude of the pressure 
pulse in the exhaust port after EVO. 

Typical traces for different types of cycles during 
cold starting process are shown in figures 14 through 
19.   Figure 14 is a normal firing cycle during engine 
starting at a room temperature of 21°C, with a single 
injection. The engine gained 250 rpm after this 
cycle.   Figure 15 is a misfiring cycle during engine 
starting at 21°C, with pilot and main injections.   For 
this cycle, the pilot injection failed to deliver any 
fuel, because the pulse width for the pilot injection 
was too short for the fuel pressure to reach the 
opening pressure of the needle. (Refer to the 
appaidix). Notice that the engine decelerated after 
this cycle, and the exhaust temperature showed no 
evidence of combustion. Figure 16 is a firing cycle 
during engine starting at 21°C with pilot and main 
injections.    Figure 17 is for a cycle during engine 
starting at 5 °C, without fiiel injection during engine 
deceleration.    Figure 18 is a misfiring cycle during 
engine starting at 5 °C, with a single injection. 
Figure 19 is for a cycle during oigine starting at -10 
°C, with as single injection. Here, combustion started 
very late in the expansion stroke. 

'  DDC50 ENGINE COLD START 

ENGINE SPEED 

AMBIENT TEMP  = 210C FUEL     DF.2 

WSU/CAR 

0     1     2     3    4     5     6    7     8     9    10  11   12  13   14   15  16  17   18   19  20 

ENGINE CYCLE NUMBER 

Figure 2. Instantaneous engine speed at 21 ° C 
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ENGINE CYCLE NUMBER 

Figure 3. Cylinder # 4 pressure trace at 21" C 
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Figure 4. Cylinder # 4 strain gauge signal at 21 ° C 
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Figure 5. CylindCT # 4 exhaust tempo-ature at 21 ° C 
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Figure 6. Instantaneous engine speed at 5 °C 
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Figiu-e 7. Cylinder # 4 pressure trace at 5 ° C 
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Figure 8. Instantaneous engine speed at 0 "^ C 
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Figure 10. Instantaneous engine speed at -5 ° C 
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Figure 11. Cylinda # 4 pressure trace at -5 ° C 
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Figure 12. Instantaneous engine speed at -10 " C 
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Figure 9. Cylinda # 4 pressure trace at 0 ° C 
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Figure 13. Cylinda- # 4 pressure trace at -10 ° C 
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Figure 18. A^misfiring cycle of single injection, 
sample from -5 ° C test. 
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Figure 19. A later combustion cycle, sample from 
10 " C test. 

Figure 20 is a composite of the traces for the transient 
engine speed at the five ambient temperatures. 
Looking at the general speed trend at different 
ambient temperatures, the slope of the average engine 
speed becomes smaller and smaller as the ambient 
temperature gets lower and lower. It is also seen that 
the slope is dommated by the firing cycles. The 
average speed of these firing cycles increased 
gradually and eventually brought the engine to an 
idling speed. While for the misfired cycles, since fiiel 
was injected, it became the sheer source of \\iiite 
smoke emissions. 

The analysis of the experimental data pointed out 
toward the role of the injection process in misfiring. 
Two injection parametas are examined. The first is 
injection timing, and the second is pilot injection. 
The injection timing during successive cycles is 
determined and plotted versus engine speed during 
the cycle. The speed for each cycle is an average 
calculated around TDC of the cycle. The negative 
value of timing indicates that injection starts before 

DDC50 ENGINE COLD START FUEL    DF-2 

ENGINE SPEED AT DIFFERENT AMBIENT TEMPERATURE WSU/CAR 

_I .—I—.—I—1—I—i—I—I. 

012345678 
ENGINE CYCLE NUMBER 

10       11       12 

Figure 20. Instantaneous engine speed comparison 

TDC. The injection timing is the dynamic timing for 
the fuel delivery in the combustion chamber.   This is 
determined from the signal of the sfrain gauge on the 
rocker arm of each cylinder. The dynamic timing is 
different from the conunand signal timing. The 
difference is in the time takai by the solenoid to act 
on its valve and the time for the fiiel pressure to build 
up to the opening pressure of the needle. Figure 21 is 
a speed-injection timing map for aigine as it started 
at an ambient tempffature of 21° C.   The arrows in 
the figure indicate the sequential order of successive 
cycles for cylinder #4. The cycle marked with 
number 1 is the first cycle in the starting process. 
Figure 21 shows that the injection timing was at 5° 
bTDC, while the average engine speed during this 
cycle was 160 rpm. 

The ^ngine aCjCelerated and continued to fire for 
another 6 cycles, while the injection timing was 
advanced to 10. 5° bTDC as the speed reached 860 
rpm.   The successful firing in the seventh cycle 
caused the engine to accelerate to 925 rpm. In the 
eighths cycle, injection was retarded to 2° aTDC and 
the engine misfired. However the speed dropped 
slightly and the engine misfired in the ninth and tenth 
cycles causing the engine to slow down to 820 rpm. 
In the eleventh cycle, the injection timing was 
advanced to 12.7 ° bTDC 

A misfiring cycle is the result of a failed ignition. The 
ignition delay in diesel engine is by definition a time 
intaval between the start of fuel injection and the 
start of combustion. Once fuel is injected, the ignition 
process becomes uncontrollable. Hence, the fuel 
injection timing is one of the key parameters to affect 
the ID and hmce the successfulness of autoignition. 

During cold starting transimt paiod, engine speed 
changes drastically. The typical speed pattern is 
firing - acceleration - misfiring - deceleration. To fiind 
out how the dynamic speed change affects the 
ignition delay, the cycles with sequential order 
starting from first firing cycle are plotted on the 
injection timing - engine speed plane to see the 
dynamic behavior. The speed for each cycle is an 
average calculated at around TDC of each cycle. The 
negative value of timing indicates injection start 
before TDC. The injection timings used for the plots 
are called effective timings, which means the 
physical start point of fuel delivery. If the engine 
control is in pilot - main injection mode and the pilot 
injection fails to deliver fuel, the timing used will be 
from the main injection. Figure 21 is the plot for the 
test at 21 °C ambient temperatures. The arrows in the 
figure indicate the sequential order of successive 
cycles. 

In figure 21, the first firing cycle marked with ' 1' is 
cylinder number 4. The engine continued to fire for 
anothCT 6 cycles when it misfired for 3 cycles before 
it started firing again. Recalling that the firing orda 
of 1-3-4-2, the first misfired cycle is cylindCT number 
3. For cylinder munber 3, it fired in first cycle and 
then misfired in the second one. Also noticed is the 
big shift of injection timing for the misfired cycles. 
Figure 22 is an expanded view of fiiel injector rocker 
arm sfrain gauge signal for the two consecutive 
cycles of cylinder number 3. The misfired cycle was 
in pilot-main injection mode, and the pilot injection 
failed to deliver fiiel because the needle did not reach 
the open pressure. The timing plotted is actually the 
main injection timing. In the following discussion, to 
avoid the confusion, the term "engine cycle number" 
refers to cycles aligned with cylinder number 4, and 
the "cylinder cycle number" or in short the "cycle 
number" for an individual cylinder refers to the cycle 
sequence in fliat specific cylinder. 
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The term "failed injection" should be understood as 
very little fiiel delivered in order to represent a 
general case where too little of fuel has substantially 
no effect on ignition. The failed pilot injection, 
should it succeeded, would be about 12.5 degrees 
before TDC as can be predicted by its rocker ami 
strain gauge signal rising edge. The injection timing 
of the main injection was after TDC. In this test, all 
the cycles with failed pilot injection mis&ed. 

In figure 21, the injection timing, after first firing 
cycle, decreased during the following two cycles. In 
general, it is expected that the injection timing should 
be increased according to the increase in engine 
speed. The retarded timing could be contributed to 
the insufficient response of the control module to the 
fast changing engine speed. 

The injection timing-mgine speed trace at otha 
ambient tempo-ature tests are shown in figures 
23-26 
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Figure 21. Transient engine speed and injection 
timing trace at 21 ° C ambient temperature 
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Figure 22. Fuel injection signal comparison between 
the fired and misfired cycle 
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Figure 23. Transient engine speed and injection 
timing trace at 5 ° C ambient temperature 
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Figure 24. Transient engine speed and injection 
timing trace at 0 ° C ambient tempaature 
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Figure 25. Transimt mgine speed and injection 
timing trace at -5 °C ambimt tempo-ature 

DDC50 COLD START AUBENT TEMP. =-10 ^C FUEL:   DF-2 

FIRING & MISFIRING ANALYSIS WSU/C/V!     01/27/97 

Figure 26. Transimt mgine speed and injection 
timing trace at -10 ° C ambient temperature 
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.   Figure 22 is an expanded view of strain gauge 
signal of the rocker arm of cylinder number 1. It is 
noticed that cycle 1 had the main injection timed to 
start before TDC. hi the following cycle, the 
injection shifted from one main injection to pilot and 
main injection.   The needle failed to open and 
deliver the pilot injected fiiel. Figure 22 shows that 
the fuel pressure did not reach the needle opening 
pressure.   It is noticed that, for the four cylindCTS, 
misfiring occurred in the cycles in which the 
injection shifted from main to main-pilot injection 
after engine acceleration. 
The injection timing-engine speed maps at the lower 
ambient tempffatures are given in figure 23 - 26. 
At 21° C test, the engine started misfiring after it 
exceeded 800 rpm. When the ambient tanperature 
was decreased, misfiring cycle started early and the 
number of misfiring cycles increased. This fact can 
be seen from speed traces at different ambimt 
temperatures and cylinder pressure traces in figure 
7,9,11 and 13. Also, in figure 20 through 25, a trmd 
of distribution of the fired cycles in the timing-engine 
speed plane can be seen. 

A PREDICTIVE MODEL FOR ENGINE 
MISFIRING 

To better understand the causes of misfiring and to 
predict the misfiring, equation (3) was used for 
ignition delay analysis. Figures 27 - 28 are the 
calculated resuks at 20 ° C case, where figure 27 is 
ignition delay in crank angle degrees, while 28 in 
time. 
1.    Effect of injection timing: 

The ID at different injection timing is calculated from 
Eq. (3) and plotted versus injection timing in crank 
angle degrees and in milUseconds, ia figures 27 and 
28 consecutively.   The ambient tempffature is 20 ° C. 
Very early injection produces long ID because both 
the air pressure and temperature are fairly low. As 
injection is retarded toward TDC, hi^er 
temperatures and pressures are achieved and ID is 
reduced. ID reaches a minimum a few degrees 
before TDC. Retarding the timing any further causes 
ID to increase. If part of the ID occurs during the 
expansion stroke, ID increases at a faster rate. This is 
evident from equation (3).   The computations were 
extended to injection starting after TDC. It is noticed 
that ID increases at a fast rate as injection occiu^s in 
the expansion sttoke.   There is a limit beyond which 
ignition would not occur resulting in misfiring. 

NITION DELAY COMPARISON  SPEED EfFECT 

., AMBIENT TEMPERATURE = 20 °C 

Figure 27 Engine speed effect on ID at 20 ° C 
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Figure 28 Engine speed effect on ID at 20 ° C 

2. Effect of engine speed: 
Figure 27 shows that at higher engine speeds ID takes 
more crank angle degrees. The minimum ID delay 
points, as well as the misfiring limit, shift sli^tly 
toward early injection timing. The reason is that at 
higher engine speeds the time available for the 
mixture to react at the high temperature and pressure 
around TDC becomes shorter. For the same reason, 
the minimum ignition delay point occurs at an earlier 
injection timing. 

Figure (29) shows the misfiring limit at different 
speeds. Fuel injection timing below the borderline 
between the firing and misfiring zones would result 
in misfiring. The misfibring limit shifts to the earlier 
injection timing direction at higho- engine speeds. 
As the engine speed decreases the misfiring Hmit first 
reach the most retarded timing and then starts shifting 
back toward the early injection timing. Eventually, 
the curve would end at a speed at which ignition is 
impossible at any injection timings because of the 
severe blow-by and heat losses. 
The whole picture of the firing-misfiring boundary 
line would have the shape shown by figure 30, whae 
an arbifrary scale is used. 
3. Effect of Ambient Tempgature: 

Figures 31 and 32 show the ID at different speeds 
and an ambient temperature of 10 ° C. Comparing the 
figures for ambient temperatures of 10 " C and 20 ° C 
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injection timing range for firing becomes narrower. 
This explains why more misfiring occur under lower 
ambient temperatures.   Figure 33 compares the 
boundary of the firing zone for the two ambient 
temperatures. The misfiring zone extends toward 
early injection timing at the lower ambient 
temperature. The firing-misfiring boundary lines are 
calculated for DF2, at different temperatures and 
given in Fig. 34. The area above each of the fines is 
die misfiring zone at that specific ambient 
temperature. The strong effect of the ambient 
temperature on the firing-misfiring boundary lines 
can be seen. At the lower ambient temperatures, the 
firing zone becomes smaller and smaller, and the 
injection timing has to be advanced as the engine 
gains speed. Consider for example, the starting 
transiait of the multi-cylinder mgine used in this 
study, at an ambient temperature of-10 " C. 
Reference is made to Fig. 9 to look at the change in 
speed during the transient.   Notice the engine was 
cranked for 4 revolutions before it fired, so each 
cylindCT had two injections accumulated in the 
combustion chamber. The engine speed whai the 
first cylinder fired is 200 rpm and the corresponding 
injection timing fi^om Fig 34 can be as late as 0.5 
degree after TDC.   Once the first cylinder fired, the 
engine accelerated and reached 340 rpm.   According 
to Fig. 34, the injection timing for the second- 
cylinder-to-fire should be advanced to more than 4 
degrees before TDC.   This cyfinder and the next 
cylinder misfired and the engine decelerated to 200 
rpm again where one cylindCT fired.   This fluctuation 
in speed continued for some time. Notice that the 
minimum speed at which the cylinders fired kept 
increasing as the engine got warmed up. With very 
early injection timing, the engine may also 
experioice autoignition failure for another cause. 
Injecting fiiel too early into cylinder undCT very low 
air pressure and temperature may cause the liquid 
fiiel to be deposited on the cool walls and hinder fuel 
evaporation and mixing with the air. 

COLD START ANALY; 
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Figure 29. Firing/misfiring boundary line 
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Figure 30. General shape of firmg/misfiring 
boundary line 
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Figure 31. Engine speed effect on ID at 10 ° C 
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Figure 32. Engine speed effect on ID at 10 ° C 
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Figure 34. Fuel cetane number effect on ID 
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Figure 35. Fuel cetane number effect on ID 
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Figure 36. Fuel cetane number effect on misfiring 
boundary 

4.    Effect of Cetane Number: 

The effect of fiiel cetane number on ID is evaluated 
by changing the apparait activation energy in the ID 
equation. In genaal, higha- cetane number fuels have 
lower activation energies. Figures 34 and 35 show the 
computed ID for a fuel having activation energy 5 % 
hi^a- than the fuel of figures 27 and 28. The 5% 
increase in activation enagy caused a big shift of the 
misfiring boundary line. This means that low cetane 
fuels require earlio" injection timing in order to avoid 
misfiring. 

CCWLI>"START FIRING and 
MISFIRING ZONES 

From above discussion, it can be concluded that 
whether a cycle will misfire or not depends on which 
zone it is located in.   Figures 33 and 36 show the 
boundary between the firing and misfiring zones as a 
single line.   This is not the case in multi-cylinder 
engines due to the synergistic effect of cylinders, 
particularly during &e cold starting transient.    The 
conditions at the start of injection differ fi-om one 
cylinder to the other. Consida for example the 
engine speed and its effect on the compression 
pressure and tempaature. The engine speed whm 
the first cylinder fires is the cranking speed. The 
second cylinder to fire will have a higher pressure 
and temperature in the compression stroke, because 
of the higher engine speed. This means that the last 
cylindff to fire will have the hi^est compression 
pressure and tempaature. Accordingly, tiie ignition 
delay will vary fi^om one cylinder to the otha during 
the cold start transient.   Similarly, during 
deceleration, the conditions will vary fi^om one 
cylinder-to cylinda and from cycle-to-cycle.   As a 
result of this variation, the boundary between the 
firing and misfiring zones will be in a form of a band 
rather than a single line. 

Under cold start conditions, figure 34 shows that for 
specific injection timing, there exists a maximum 
speed limit at a given ambient temperature. The 
lower the ambient temperature, the lower the speed 
limit will be. To increase the speed limit, the 
injection timing has to be advanced further. But the 
injection timing can not be advanced without limit. If 
the ambient temperature is low enough, the speed 
limit can become lower than the stable idling speed. 
Under such low ambient tempCTature condition, one 
measure is to use a starting aid. 
The behavior of the engine under the cold starting at 
ambient tempaatures of 21 ° C, 5 ° C, 0 ° C and -5 ° C 
can be explained by considering the misfiring zone at 
each tempCTature. In this paper we will discuss the 
cold starting transioit at -10 ° C.  The misfiring 
boundary at -10° C is calculated and superimposed 
on the speed-injection-timing map (figure 6), as 
shown in figure 38. The figure clearly shows that the 
engine moved from the firing zone into the misfiring 
zone many times. 
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Figure 37. Firing-misfiring boundary lines 
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Figure 38. Transient timing - speed trace at -10 ° C 

COMBUSTION INSTABILITY AND COLD 
START CONTROL STRATEGY 

Many factors contribute to combustion instability, 
most important of which are the ambient tempaature 
and injection timing. The above analysis indicates 
that combustion instability during cold starting is not 
a random phenomenon, but it can be explained by 
considering the engine-injection timing map at 
different tempaatures and cranking speeds. 
Combustion instability can be reduced or eliminated 
if correct measures are taken. 
Based on the ID equation (3), in ordw to have stable 
combustion during cold starting depends not only on 
the compressed air temperature and pressure, but also 
on injection timing. Injection timing need to be 
advanced at higher engine speeds, and stay in the 
misfiring zone explained earlica-. In multi-cylinder 
engines, during the cold start transient, each of the 
cylindCTS starts firing at a higher speed than the 
previous firing cylindCT.   Ideally, injection timing 
should be adjusted to suit the conditions in each 
cylinder. This requires fast response injection 
controls. The input to the controls would be an 
indicator of the mgine acceleration during the 
expansion stroke of the previous firing cylinder. 
In some engines, the strategy is to shift from a single 
injection to pilot and/or split injection once the 
engine accelerates beyond a certain speed limit. This 
requires a different injection timing than that for one 

single main injection.   In many cases the engine 
miglTt overshoot in speed during the cold start 
transient and temporarily reach this limit. If injection 
timing is corrected to suit this hi^ speed, misfiring 
might occur. 
The existence of firing-misfiring boundary on the 
timing-speed plane means that misfiring during cold 
start is not random, but predictable, or preventable if 
correct measures can be taken. 
Based on the ID equation (3), to have successfiil 
autoignition, not only the temperature and pressure 
levels should be high enough above certain level, but 
should be kept for long mough time period. If the 
instantaneous engine speed at around the TDC is low, 
there will be good chance for the autoignition to 
occur. For the two speed profiles in figure 39, the 
profile 1 would be more favorable to ignition, since it 
has fast compression to reduce the heat transfer and 
blow-by losses, and slow speed at around TDC whae 
peak pressure and temperature can stay longer. This 
means that, if the cranking speed is too hi^, engine 
will not have successful ignition. 
The traditional strategy of cold start is to dump large 
amount of fiiel during cranking pwiod, and then 
reduce the fiieling when mgine reaches preset idling 
speed. The over fiieling has been thou^t to have 
more chances to start the oigine quickly. 
When engine starts firing, with large amount of fiiel 
dumped into the combustion chamber, the mgine 
speed will be accelerated up hi^ above the idling 
speed, thm the governor kicks in and reduce the fiiel 
delivery and eventually stabilizes the mgine at idling 
speed. This type of speed history pattern can be 
called overshooting. 
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Figure 39. Instantaneous engine speed profile effect 

The fast acceleration of engine speed during this 
overshooting period may easily cause the mgine to 
nm into the misfiring zone at low ambient 
temperatures. Under low ambient tmiperatures, the 
up speed limit the mgine can run without suffering 
misfiring is restricted by the firing-misfiring 
boundary lines, and the up speed limit gets lower and 
lower as ambient tmiperature gets lower. The hi^ 
acceleration of speed will certainly be frustrated by 
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unstable combustion: misfiring and white smoke 
emissions. 

Under very low or marginal ambient temperatures, 
the firing zone is very small regarding to both 
available injection timing and engine speed range. 
The firing zone will only cover an area of a low 
speed range requiring very early injection timings. In 
such a situation, a slow initial acceleration of engine 
speed by the firing cycles would provide more 
chance for engine to stay in firing zone longo-, then 
more firing cycles would be possible, this in turn will 
warm up &e combustion chamber walls and expand 
the firing zone for subsequent cycles. Overall, this 
start strategy may start the mgine successfiiUy in a 
shorter time, meanwhile reduce or eliminate the 
misfiring and white smoke. 

In gmeral, the cold start strategy should include the 
overall reduction of fiieling diuing cranking period to 
reduce speed acceleration. Some kind of devices 
which can "hold" the engine in firing zone longer 
will be very helpful. The control algorithm should 
also reach the level of cycle-by-cycle basis regarding 
to fiieling and injection timings until idling speed is 
reached. The speed is low during cold start period in 
general, and this makes the control to reach cycle-by- 
cycle level possible from both hardware and software 
aspects. 

CONCLUSIONS 

1. Both analytical and experimental results 
showed that the diesel engine cold start combustion 
instabihty can be well explained with the firing- 
misfiring zones on the injection timing - engine speed 
plane. 

2. The misfiring zone expands while firing 
zone shrinks as ambient tempCTature decreases, or 
fuel cetane number decreases. 

3. Under low ambient temperatures, over 
fueling durmg cold start period often make the engine 
to run into misfiring zone once engine starts firing. 

4. To start the diesel eagine undo: very low 
ambient tempaatiues, the engine should be 
controlled in such a way that, the engine speed is 
accelerated slowly to avoid over shooting, and to let 
the firing zone to be expanded by firing cycles 
gradually. 

5. The fueling and timing control should reach 
the cycle-by-cycle level during cold start transient. 
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APPENDIX 

The installation of the strain gauge has been shown 
before. Figure 1 is the schematic view of the sfrain 
gauge signal. The signal includes two humps, one 
hi^ and one low. The high hump is the fiiel injection 
signal, while the low hump is gmerated by 
compressing the plunger spring. For the EUI, after 
the issuing of the injection conmiand, there is a 
response time to reach the point where the poppet 
conttol valve closes. The pressure inside the plunger 

cell starts rising following the closure of the poppet 
valve ii^cated by the number ' 1' in tiie figure. 
Actually, the pressure starts increasing shghtiy before 
the poppet valve is completely closed because of the 
throttling effect. The fiiel injection starts when the 
fuel pressure reaches the nozzle's needle open 
pressure, and this point is called actual BOI (Begin 
Of Injection). The BOI is marked with '2' m tiie 
figure. The point when the poppet valve closes is 
called electrical BOI. The injection stops when the 
poppet valve is opened, and is marked with '3'. 

I - 

crank angle degrees 

Figure 1. A schematic view of rocker arm strain 
gauge signal 

If the poppet valve keeps open during compression 
stioke of plunger, no fiiel will be injected, and the 
steep signal section represented by 1-2-3 will be 
replaced by the dashed line. A critical case whae no 
fuel is injected is when the two points marked by '2' 
and '3' in the figure meet. This is a case where BOI 
also is the end of injection. The pulse width at this 
case is called minimum pulse width. Any pulse width 
value less than the minimum pulse width will not 
deliver any fiiel. The minimum pulse width was used 
to determine the needle open pressure from a special 
built fiiel injection test bench. The needle open 
pressure is determined throu^ the following 
procedure. 

There are two humps in the figure. The lower one, 
coimected with the dashed line, is the profile 
produced by the plunga: restoring spring. The hi^ 
one is produced by the fiiel injection process. When 
the poppet control valve is closed, the pressure of the 
plungCT cell starts to build up, the output of the signal 
deviates from the dashed line, and rises sharply imtil 
it reaches the needle open pressure point. This is 
represented by the signal increment 'H' in the figure. 
By the time the pressure reaches needle open value, 
the plunger restoring spring is also compressed by a 
value of 'dh'. The engine crank angle elapsed diuing 
this time is 'dCA', which can also be called 'pressure 
rising time'. The peak value of the lower hump is 
given by 'h'. The plunger stioke is 'Sp'. The constant 
of the restoring spring is 'KR'. The force 
corresponding to the peak value 'h' can be calculated 
asFh: 

8S 



■* jf^   \' 

Fh = KR*Sp 
or: 

Fh = Cp*h 

where Cp is the calibration constant, and 

Cp = (KR*Sp)/h (1) 

The force corresponding to the needle open pressure 
can be calculated as Fopen: 

L open ^Cp*(H-dh) (2) 

If the designed plungff velocity is Vp, applying the 
force balance will give: 

V  *dCA*KR 
dh = -^^  (3) 

p 

If the plunger cross section area is given as 'Ap', the 
needle open pressure Popen will be: 

It is possible that the plunger cell pressure may 
continue to rise after the needle is opened. In another 
word, the 'H' value should be well determined to 
give correct needle open pressure. This was done in 
fiiel injection bench by fine adjust the pulse width to 
the minimum value when the fiiel is visually 
observed to just start of injection. After the "H" in 
equation (2) is obtained the caUbration constant Cp 
can be calculated via equation (1). The needle open 
pressure can thai be determined. 

The needle open point determined in this way may 
change from measuremait to measurement. The 
effect was investigated and it was found that the 
variation of pressure alone the rising edge is about 
142 psi pCT 0.1 CA. If the caUbration aror of the 
injector is ± 5 per cent, the needle open point error 
will be + 0.18 CA. Throughout the investigation, the 
constant needle open pressure was used based on the 
assumption that needle open pressure depends only 
on the preset restoring spring force of the needle. The 
needle open point located through the open pressure 
method on the signal trace was used as the injection 
start point, or actual injection timing. 

The dynamic effect to the strain gauge signal output 
by the inertia forces of plunger and rocker arm at 
different speed was also investigated and was found 
negUgible. 
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